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This  volume  is  intended  for  those  who  have  such  a  knowledge 
of  direct  currents  as  is  given  by  Volume  I.  It  presupposes  no 
knowledge  of  alternating  cui'renta.  The  first  two  chapters  are 
devoted  to  the  development  of  the  fundamental  laws  of  alter- 
nating currents  and  alternating-current  circuits.  Subsequent 
chapters  consider  the  application  of  these  fundamental  laws  to 
alternating-current  measurements,  to  polyphase  circuits,  to 
alternating-current  machinery,  and  to  power  transmission.  A 
chapter  on  illumination  and  photometry  has  been  included,  as  a 
brief  discussion  of  the  underlying  principles  of  light  and  of  light 
measurements  is  important  in  a  general  course  in  electrical 
engineering. 

The  development  of  the  various  alternating-current  formulae 
and  of  the  operation  of  various  types  of  machinery,  transmission 
lines,  etc.,  are  based  on  the  fundamental  laws  of  electricity  and 
magnetism  as  set  forth  in  Volume  I.  Mathematical  developments 
are  occasionally  introduced,  as  supplementary  to  the  descrip- 
tive matter.  As  in  Volume  I,  numerous  illustrative  problems 
and  methods  of  making  laboratory  tests  are  given  throughout  the 
text. 

This  volume  is  intended  to  be  elementary  in  character  and 
to  act  as  a  stepping  stone  to  the  more  advanced  texts  of  this 
series.     In  many  cases  rigorous  and  detailed  analysis  is  not 
given,  particularly  in  the  chapter  on  alternating-current  meas- 
urement's and  in  the  discussion  of  certain  types  of  alternating- 
.  current  apparatus.     A  thorough  analysis"  of  these  subjects  is 
^ found  in  "Electrical  Measurements"  by  F.  A.  Laws,  and  "Prin- 
^"    ciples  of  Alternating  Current  Machinery"  by  R.  R.  Lawrence, 
_>    both  of  which  volumes  are  included  in  this  series  of  Electrical 
'  "    Engineering  Texts. 
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VOLUME    II 
ALTERNATING  CURRENTS 


ALTERNATING  CURRENT  AND  VOLTAGE 


1.  General  Field  of  Use  of  Alternating  Current. — Over  90 
per  cent,  of  the  electricjil  energy  gpnerated  at  the  present  time  is 
generated  as  alternafiag  current.  This  is  not  due  primarily  to 
any  superiority  of  alternating  over  direct  current  in  its  applica- 
bility to  industrial  and  domestic  uses.  In  fact,  there  are  many 
instances  where  direct  current  is  absolutely  necessary  for  indus- 
trial purposes,  but  even  in  these  eases  the  energy  is  often  gener- 
ated as  alternating  current. 
^^  Some  of  the  reasons  for  generating  anergy  as  alternating  current 

^PBhemating-current  can  be  generated  at  comparatively  high 
^■wiltages  and  these  voltages  can  be  readily  rai-sed  and  lowered 
by  means  of  static  transformers.  This  permits  the  economical 
transmission  of  alternating  current  over  considerable  distances  by 
using  high  transmission  voltages.  These  high  voltages  can 
be  reduced  efficiently  at  the  receiving  end  of  the  transmission  line, 
Direct-current  voltages  cannot  be  raised  and  lowered  on  an 
industrial  scale  without  the  use  of  rotating  commutators,  and  the 
permissible  voltage  per  commutator  is  low.  Therefore,  the 
voltage  of  direct -current  circuits  cannot  be  changed  economically. 

I  Alternating-current  generators  can  be  built  in  large  units 
uiing  at  high  speeds,  are  suited  to  turbine  drive,  and  the  cost 
r  kilowatt  of  such  alternators  is  low.  The  largest  single  unit 
L '. 


2  ALTERS  AT  ISG  CIRRESTS 

today  (1920)  has  a  rating  of  about  50,000  kw.  Owing  tc 
commutation  difficulties,  direct-current  generators  cannot  be 
built  in  large  units,  particularly  for  high  speeds.  At  1,000  r.  p.m. 
it  is  difficult  to  build  a  direct-current  generator  having  a  rating  o 
even  1,000  kw.  On  the  other  hand,  5,000-kw.  alternators,  opei 
ating  at  speeds  of  3,600  r.p.m.,  are  not  "uncommon. 

For  constant-speed  work,  the  alternating-current  inductic: 
motor  is  cheaper  in  first  cost  and  in  maintenance  than  the  direc: 
current  motor.  This  is  due  to  the  fact  that  the  induction  mot* 
has  no  commutator.  Therefore,  it  is  occasionally  desirable  ' 
generate  power  as  alternating  current  in  order  to  be  able  to  u^ 
induction  motors. 

The  high  transmission  efficiencies  obtainable  with  altematir 
current  make  it  possible  to  generate  electrical  energy  in  larg 
quantities  in  a  single  station  and  to  distribute  it  over  a  compare 
tively  large  territory.  The  large  boilers,  automatic  stoker 
superheaters,  recording  instruments,  etc.,  which  are  possil> 
in  large  stations,  result  in  high  boiler-room  efficiency.  Lar^ 
turbines  have  an  economy  which  may  be  three  or  four  times  a 
good  as  that  of  the  steam  units  in  a  small  plant.  The  generate 
lias  an  efficiency  of  95  to  96  per  cent,  in  the  larger  sizes.  The 
af:&in.  as  the  l)oilor8  and  large  turbo-units  require  few  attendant 
per  kilowatt,  the  labor  and  superintendence  charges  per  kilowai 
are  small. 

For  these  reasons  it  \s  often  more  economical  to  generate  powe 
vtth  large  units,  to  transmit  it  long  distances  and  even  to  convei 
it  into  dinH't  current,  than  to  generate  the  direct  current  at  th 
where  it  is  to  Ix*  utilizeii. 

It  must  be  rememlH*rtHl.  however,  that  the  reduced  generating 
may  be  l>al»iuxHi  by  the  distribution  costs  resulting  fror 
Jtifjcft  iiLveistment  chargitsi  in  lines,  cables,  sub-stations,  machiu 
*€rr.  <?C(.'..  in  addition  to  the  lalx^r  and  maintenance  costs  of  thi 
'Stfiarftwition    sr\"^em. 

JjKernatLog  current  owes  its  importance  to  the  fact  that  it  ca 
^9^  2»»xu?nii:e<i  ewnoniii*allY  with  large  units.  Its  voltage  can  h 
maiiily  rii?ei.t  and  lowerwl.  5<>  that  onergj-  can  be  transmitte 
<mfinniiiii:aJly  for  ivnsuderable  distance^?.  Altemating-curreE 
"vbumief  for  r!onstaiit-^|x\\i  wv>rk  ant*  lusiually  preferable  to  direcl 

vkbA  mutoL'Sv 


ALTERNATING  CURRENT  AND  VOLTAGE 


IS.  Sine  Waves. — It  was  shown  in  Vol,  I,  Chap.  X,  that  when 
aingle  coil  rotates  at  constant  speed  in  a  uniform  field,  Fig.  1, 
Cip  alternating  enaf.  is  generated.  This  emf.  is  zero  when  the 
plane  of  the  coil  is  perpendicular  to  the  field,  and  reaches  its 
maximuni  value  when  the  plane  of  the  coil  is  parallel  to  the  field. 
(See  Vol,  I.  page  219,  Fig.  188.)  The  successive  values  of  the 
emf.  may  be  represented  by  a  smooth  curve  called  a  sine  wai>e 
for  the  reason  that  the  values  of  the  emf.  are  proportional  to  the 


sine  of  the  angle  x  which  the  coil  makes  with  the  vertical,  Fig.  1. 
This  will  be  discussed  more  in  detail  later. 

For  -various  reasons,  commercial  generators  do  not  give  exact 
sine  waves  of  emf.  In  fact,  the  emfa.  of  some  generators  differ 
mftterially  from  a  sine  wave.  Still,  most  commercial  genera- 
tore  have  waves  of  emf.  which  are  sufficiently  close  to  a  sine 
wave  to  warrant  their  being  treated  as  such. 

If  a  wave  is  not  a  sine  wave,  it  may  be  resolved  into  a  series 

t  sine  waves  of  fundamental  and  higher  frequencies.     Each  one 

a  components  may  then  be  dealt  with  as  a  sine  wave. 

'be  waves  ordinarily  encountered  in  practice  are  approxi- 

tely  sine  waves  and  may  be  treated  by  simple  methods  of 
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analyeis.     The  formiilaB  and  equations  which  follow  apply  to 

sine  waves  of  current  and  voltage,  unless  otherwise  specified. 

The  sine  wave  may  be  produced  graphically  as  follows:  Draw. 

a  circle,  Fig.  2,  whose  radius  A  ia  equal  to  the  maximum  value  of 
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Fia.  2. — Grsphicat  coDstniction  of  a  sin«  vave. 

the  sine  wave.  Divide  the  circumference  of  this  circle  into  any 
number  of  equal  parts,  in  this  case  12,  and  number  them 
0,  1,  2  .  .  .  12.  Also  draw  a  horizontal  line  ah,  which,  if 
extended,  would  pass  through  the  center  of  the  circle.     Divide 


Fio.  3.- — Numeric] 


oh  into  the  same  number  of  equal  parts  as  there  are  on  the 
circumference  of  the  circle,  and  give  the  points  corresponding 
numbers.  Erect  an  ordinate  or  perpendicular  at  each  point. 
Project  the  points  on  the  circle  horizontally  until  they  meet 
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perpendiculars  having  corree ponding  numbers.     A  smooth  curve 
drawn  through  the  intersections  will  be  a  sine  wave. 

The  sine  wave  may  also  be  plotted  from  a  table  of  sines.  (Appen- 
dix, page  458.)  Mark  a  horizontal  axis,  Fig.  3  (a),  in  degrees. 
At  each  point  erect  an  ordinate  equal  to  the  sine  of  the  corre- 
sponding angle.  Thus  at  30°  the  ordinate  ab  is  0.5:  at  60°  the 
ordinate  cd  is  0.866;  at  90°  it  is  I.O;etc.  The  wave  passes  through 
zero  at  180°,  because  the  sine  of  180°  is  zero.  When  the  angle 
becomes  greater  than  180°,  the  sine  becomes  negative  and  the 
wave  falls  below  the  line,  (ts  the  sine  is  negative  between  180° 
and  360°.  (See  page  456.)  The  above  is  equivalent  to  plot- 
ting the  sines  of  the  angle  x,  Fig.  1,  x  being  the  angle  which 
the  plane  of  the  rotating  coil  makes  with  the  vertical  at  any- 
instant. 

If  the  wave  in  question  has  a  maximum  value  of  B,  Fig.  3  (b), 
instead  of  unity,  the  value  of  the  ordinate  at  any  point  may  be 
found  by  multiplying  B  into  the  sine  of  the  corresponding  angle- 
That  is 

y^BBinx  (1) 

Where  x  is  in  degrees. 

Example. — Find  the  ordinatea  of  a  aine  wave  at  points  correaponding  to 
66°  and  210",  the  maximum  ordinate  being  40  units.  Fig  3  (t). 
From  page  459  ain  65°  -  0.906. 

40  X  0.906  =  36.24.     Ana. 

Sin  210° (Bin  210°  -  180°)  =  -sin  30°  =  -0.fi. 

40  X  (-  0.5)  =   -  20.     Ans. 
These  values  are  shown  in  Fig.  3  (6). 

3.  Cycle;  Frequency.— -When  the  coil,  Fig.  1,  has  completed 
one  revolution,  it  has  passed 
one  pair  of  poles  (a  north  and  a 
Bouth  pole)  and  it  has  traversed 
360  space-degrees.  The  voltage 
wave  has  gone  through  one 
complete  cycle  of  values  and 
the  wave  is  now  ready  to 
repeat  itself.     This  is  illustrated 


Alt«rnatiori  and  rycle. 


in  Fig.  4.     Having  gone  through  one  complete  cycle,  the  voltage  ^ 
^^u  ^ne  through  360   electrical    time-degrees.      Therefore,  i 


ALTERNATING  CURRENTS 


a  two-pole  machine  one  space-degree  is  the  same  as  one  electrical 
time-degree. 

When  the  voltage  has  completed  only  half  a  cycle  or  180°, 
it  has  gone  through  one  aUemation. 

Assume  that  the  coil  in  Fig.  1  is 
making  60  revolutions  per  second, 
or  3,600  r.p.m.  Sixty  complete 
cycles  will  be  generated  each 
second.  Therefore,  a  two-pole, 
60-cycle  generator  must  have  a 
speed  of  3,600  r.p.m. 

The  abscissas  may  be  graduated 
in  time  as  well  as  in  degrees.  For  example.  Fig.  5,  the  time 
corresponding  to  360°  is  }4o  sec.  and  the  time  corresponding 
to  180°  is  K20  sec. 

Alternating-current  waves  may  be  plotted  with  either  time 
or  degrees  as  abscissas. 


Fig.  6. — Sine  wave  as  a  function 
of  time. 


Fig.  6. — Two  cycles  per  revolution  in  4-pole  alternator. 


Figure  6  (a)  shows  a  four-pole  machine.  A  single  conductor  a 
of  a  coil  is  shown  rotating,  rather  than  the  complete  coil.  As 
soon  as  this  conductor  has  passed  a  north  and  a  south  pole,  that 
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is,  after  it  has  passed  from  1  to  5,  it  has  completed  one  electrical 
cycle  or  360  electrical  time-degrees,  as  is  shown  in  Fig.  6  (6). 
Mechanically,  it  has  completed  one-half  a  revolution,  or  ISOspace- 
degrees,  so  that  in  one  revolution,  or  360  space-degrees,  the emf.  in 
the  conductor  will  have  completed  two  cycles,  and  will  have  gone 
through  720  electrical  time-degrees.  Therefore,  in  this  case  one 
space-degree  corresponds  to  two  electrical  time-degrees.  That 
is,  for  every  space-degree  that  the  coil  passes  through,  the  voltage 
wave  completes  two  electrical  time-degrees.  This  conductor 
needs  to  make  only  30  r.p.s.  or  1,800  r.p.m.  in  order  to  generate 
a  60-cycle  electromotive  force.  Likewise  for  a  25-cycle  elec- 
tromotive force,  this  conductor  needs  to  revolve  at  only  12,5 
r,p.a.  or  750  r.p.m.  For  a  given  frequency,  as  the  number  of 
pvles  increases,  the  mechanical  speed  decreases  proportionately. 
The  relation  between  speed,  poles  and  frequency  may  be  written 
in  the  form  of  an  equation: 

f  =  L>L§.  _PXg 
■^       2,  X  60  120 

where  /  is  the  frequency  in  cycles  per  second,  P  is  the  number  of 
p«les,  and  -S  is  the  speed  in  revolutions  per  minute. 

The  table  shows  the  relation  of  speed,  frequency  and  number 
of  pole8_for  a  few  typical  cases. 


(2) 


K 

Spirfd.  r.p.m. 

1 

eOoyolM 

MdjQlai 

■    ^ 

3,600 

1,SOO 

■ 

1,800 

750 

1 

1,200 

500 

■ 

900 

375 

1    ° 

ISO 

75 

Example. — A  CO-cyRle,  engine-driven  alternatur  h&a  a  speed  of  120  r.p.n 
How  many  poles  has  it? 

Uaitig  equation  (2)  and  solving  for  P 
120/  _  120  X  6 


P^'- 


120 


I  practice,  nearly  all  alternators  have  stationary  armatures 
I  rotating  fields,  and  the  above  equations  apply. 
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4.  Commercial  Frequencies. — In  this  country,  frequencies  are 
standardized  at  60  cycles  and  at  25  cycles  per  second,  although 
other  frequencies  are  used.  In  CaUfomia  and  in  Mexico,  for 
example,  50  cycles  is  used  on  some  of  the  large  transmission 
systems.  In  the  early  days  of  alternating-current  development, 
133  cycles  was  common,  but  few,  if  any,  plants  now  generate  at 
this  frequency..  The  principal  advantage  of  higher  frequencies 
is  that  transformers  require  less  iron  and  copper,  and  so  are  Ughter 
and  cheaper.  The  flicker  of  lamps  is  not  perceptible  at  60  cycles, 
but  at  25  cycles  it  is  very  evident.  On  the  other  hand,  the 
voltage  drop  in  transmission  Unes  and  in  apparatus  varies  almost 
directly  as  the  frequency,  so  that  better  voltage  regulation 
throughout  the  system  is  obtained  with  low  frequency.  Power 
apparatus,  such  as  induction  motors,  synchronous  converters, 
alternating-current  commutator  motors,  etc.,  operates  better  at 
low  than  at  high  frequencies.  However,  with  one  or  two  ex- 
ceptions, the  operation  is  satisfactory  at  60  cycles  p^r  second. 
A  power  and  lighting  company  would  ordinarily  operate  at  60 
cycles  per  second,  because  the  flicker  of  lamps  at  25  cycles  per 
second  is  objectionable  and  the  transformers  at  this  lower  frequency 
are  heavier  and  more  costly  than  they  are  at  the  higher  frequency. 
On  the  other  hand,  an  electric  company  generating  strictly  for 
power  purposes  would  ordinarily  use  25  cj'^cles.  This  frequency 
is  used  by  the  New  York,  New  Haven  and  Hartford  R.  R.  for 
its  electric  locomotives;  on  the  Norfolk  and  Western  Ry.  for 
operating  electric  locomotives;  and  by  the  Boston  Elevated  Ry. 
Co.  for  transmitting  high-voltage  power  to  its  direct-current 
sub-stations.  In  Europe,  frequencies  as  low  as  15  and  even  12.5 
cycles  per  second  are  common. 

5.  The  Alternating-current  Ampere. — Figure  7(a)  shows  an 
alternating-current  sine  wave,  having  a  maximum  value  of  1.414 
amp.  At  first  thought  it  might  seem  that  the  value  in  amperes 
of  such  a  wave  should  be  based  on  the  average  value.  If  the 
wave  over  one  complete  cycle  is  considered,  the  average  value  is 
zero,  as  there  is  just  as  much  negative  as  positive  current.  A 
direct-current  ammeter,  if  connected  to  measure  this  current, 
would  indicate  zero,  as  such  an  instrument  reads  average  values. 

The  value  of  an  alternating  current  is  not  based  on  its  aver- 
age value  but  on  its  heating  effect  and  may  be  defined  as  follows: 
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>  An  aUernating-cuirent  ampere  is  that  curreni  which,  fiowing 
RfoMffA  a  given  okmic  resistance,  will  -prodttce  heat  at  the  same  raU 
10  a  direct-current  ampere. 

Assume  that  a  resistance  unit  is  immersed  in  a  calorimeter 
nod  that  when  a  direct-current  ampere  is  sent  throuRh  this 
llBsistance  the  temperature  of  the  water  is  raised  20°  in  10  min 
^kn  alternating-current  ampere,  if  sent  through  this  same  resia 
feince  unit,   will  raise  the  temperature  of  the  water  by  the  same 
amount  in  the  same  time,  other  conditions  such  as  radiation,  etc. 
being  the  same.     That  is,  both  currents  produce  heat  at  the 
same  rate. 
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fcFw.  7. — MaiimuDi  sDd  effective  vahiea  of  aioe-WHVO  BltproBtinK  current. 

trhe  heating  effect  varies  as  the  square  of  the  current  (  =  i^H). 

Bkerefore,  the  value  in  amperes  of  the  wave  of  current  in  Fig.  7 

|s)  must  be  based  upon  its  squared  values.     Figure  7  (b)  shows 

^he  current  wave  of  Fig.  7  (o)  plotted,  together  with  its  squared 

values.     That  is,  each  ordinate  of  the  "i"  wave  is  squared  and 

these  values  plotted  to  give  the  i'  wave  shown.     The  maximum 

hie  of  this  new  wave  will  be  2.0  ( =  1.41 4) ^  since  the  maximum 

Joe  of  the  original  current  wave  is  1.414  or  ■\/2.     The  squared 

pre  also  Hes  entirely  above  the  zero  axis,  because  the  square  of 

iegative  value  is  positive. 

Tim  squared  wave  has  a  frequency  twice  that  of  the  original 
ive  and  has  its  horizontal  axis  of  symmetry  at  a  distance  of  1.0 
it  above  the  zero  axis,  as  shown  in  Fig.  7  (6).     The  average 
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value  of  this  squared  wave  is  1.0  amp.,  as  shown  by  the  dotted 
line,  because  the  areas  above  the  dotted  Une  will  just  fit  into 
the  shaded  valleys  below  the  dotted  line.  Therefore,  if  an 
equivalent  rectangle  were  made  from  this  wave,  its  height 
would  be  1.0  unit.  This  value,  1.0,  is  the  average  of  the  squares 
of  the  ciurent  wave.  Average  heating  varies  as  the  average  of 
the  squares  of  the  ciurent,  so  this  procedure  for  determining  the 
ampere  value  of  the  wave  of  Fig.  7  (a)  is  correct. 

To  obtain  the  correct  value  of  the  current  in  amperes,  the 
square  root  of  the  average  square  must  be  taken.  That  is,  I  (in 
amperes)  =  \/l.O  =  1.0  amp.  This  value  of  the  current  is  called 
the  rootrmean-square  (r.m.s.)  or  effective  value  of  the  current. 

Therefore,  an  alternating-current  ampere,  sine  wave,  which 
produces  heat  at  the  same  rate  as  a  direct-current  ampere,  has 
a  maximum  value  of  1.414  (=  ^/2)  amp.  In  fact,  for  any  sine- 
wave  current,  the  ratio  of  the  wo^imi^ZB^-tQJJie^^edzye  value  is 
equal  to  the  V^  or  1.414.  The  ratio  of  effective  to  niaximum 
value  is  1/1.414  =  0.707. 

To  obtain  the  effective  value  of  any  current  wave,  not  necessarily 
a  sine  wave: 

(a)  Plot  a  wave  whose  ordinates  are  equal  to  the  squares  of  the 
ordinates  of  the  given  current  wave. 

(6)  Find  the  average  value  of  this  squared  wave  by  obtaining 
the  area  of  its  loops  with  a  planimeter  and  dividing  this  area  by 
the  base;  or  by  averaging  the  ordinates. 

(c)  Find  the  square  root  of  this  average. 

The  same  result  may  be  obtained  by  erecting  equidistant 
ordinates  on  the  original  wave,  averaging  their  squares  and 
taking  the  square  root  of  this  average.  This  will  give  the  root-- 
m^an-square  value. 

If  a  sine  wave  of  current  be  averaged  in  the  ordinary  manner  for 
half  a  cydcj  it  will  be  found  that  this  average  is  equal  to  2/ir  or 
0.637  times  the  maximum  value.  The  ratio  of  effective  to 
a/verage  value  is  then  0.707/0.637^.^.1.11  .and  the  ratio  of 
average  to  effective  value  is  0.9.  It  is  sometimes  necessary 
to  know  the  average  value,  and  the  ratio  of  effective  to  average 
value  enters  into  computations  of  induced  emfs.  in  alternators, 
transformers  and  other  types  of  alternating-current  machinery. 

The  ratio  of  effective  to  average  value  is  called  the  form  factor 
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of  the  wave.  The  form  factor  of  a  sine  wave  is  1.11.  The 
maximum,  effective,  and  average  values  for  a  sine  wave  of  voltage, 
whose  r.m.s.  value  is  100  volts,  are  shown  in  Fig.  8. 


Fig.  8. — Relation  of  maximum,  effective,  and  average  values  of  a  sine  wave. 

» 

6.  Equation  of  Sine  Wave  of  Current. — If  (at  is  substituted 
for  X  in  equation  (1),  Par.  2,  the  equation  of  a  sine  wave  of 
alternating-current  is  given  by 

i  =  Imaz  sin  (at  (3) 

where  i  is  the  value  of  the  current  at  any  time,  t,  Imaz  is  the  maxi- 
mum value  of  the  current,  and  co  =  27r/.  The  term  co  is  equal  to 
2ir  times  the  frequency  /,  and  is  the  angular  velocity  in  radians 
per  second  of  the  rotating  vector  which  may  be  used  to  construct 
the  wave.     (Appendix,  page  453.) 

Similarly,  the  equation  of  a  sine  wave  of  electromotive  force 
will  be  given  by 

e  =  Emax  sin  (at,  (4) 

Example, — What  is  the  equation  of  a  25-cycle  current,  sine  wave,  having  an 
effective  value  of  30  amp. ,  and  what  is  the  value,  i',  of  the  current  when  the 
time  is  0.005  sec?  The  wave  crosses  the  time  axis  in  a  positive  direction 
when  the  time  is  equal  to  zero. 

/„„,  =  30\/2  =  42.4  amp. 
2x25  =  157  =  CO 

i  =  42.4  sin  157  t     Ana. 
t'  =  42.4  sin  157  X  0.005  === 

42.4  sin  0.785  radians 
2t  =  6.28  radians  =  360°  (page  453) 
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^"28   ^  ^^°  "  '*^°'    ^  *^®  ^®^^®  completes  360**  in  J^s  or  0.04  sec.  in 

0.005  sec.  it  will  have  completed  TyTr;);  =  H  cycle. 

36078  =  45° 

i'  -  42.4  sin  45**  =  42.4  X  0.707  =  30  amp.     Ans. 

1.  Scalars  and  Vectors. — Quantities  in  general  are  divided  into 
two  classes,  scalars  and  vectors. 

A  scalar  is  a  quantity  which  is  completely  determined  by  its 
magnitude  alone.  Examples  of  scalar  quantities  are  dollars, 
energy,  gallons,  mass,  teiaperature,  etc.  Such  quantities  are 
added  algebraically.  For  example,  two  dollars  plus  five  dollars 
equals  seven  dollars. 

A  vector  has  direction  as  well  as  magnitude.  A  common  ex- 
ample of  a  vector  is  force.  When  a  force  is  under  consideration, 
not  only  its  magnitude  but  its  direction  as  well  must  be  consid- 
ered. Wh(m  two  or  more  forces  are  added,  they  are  not  neces- 
sarily added  algc^braically  but  must  be  combined  in  such  a  way 
as  to  take  into  consideration  their  directions  as  well  as  their 
magnitudes. 

Figxire  9  (a)  shows  two  forces  acting  at  the  point  0  and  repre- 
sented by  the  vectors  Fi  and  F2.  The  length  of  each  of  these 
vectors,  to  scale,  is  equal  to  the  magnitvde  of  the  force  which  it 
represents.  The  direction  of  each  of  these  vectors  shows  the 
direction  in  which  the  force  acts.  j8  is  the  angle  between  Fi  and 
F^.  Their  sum,  Fo,  or  the  single  force  which  would  have  the 
saino  eflfoct  on  their  point  of  appUcation,  0,  as  Fi  and  F2  acting 
in  (conjunction,  is  called  their  resultant.  Fo  is  one  diagonal  of  the 
parallelogram  having  Fi  and  F2  as  adjacent  sides. 

Figxire  9  (6)  shows  a  triangle  having  Fi  and  F2  as  two  of  its 
sides,  Fi  and  Fj  being  respectively  parallel  to,  and  acting  in  the 
wiine  directions  as,  Fi  and  Fj  of  Fig.  9  (a).  The  exterior  angle 
b<^twoen  Fi  and  Fo  is  therefore  equal  to  /3.  The  third  side  of  the 
triangle  Fo  is  equal  in  magnitude  and  direction  to  Fq  of  Fig.  9 
(a).  Therefore,  the  resultant  of  two  vectors  may  be  found  by 
moans  of  a  triangle  properly  constructed,  of  which  two  sides  are 
t  he  t  wo  comi>onent  vectors  and  the  third  side  is  their  sum.  Such 
a  triangle  is  called  a  triangle  of  forces.  It  is  usually  simpler  to 
use  t  ho  t  riangle  of  forces  than  to  use  the  parallelogram  of  forces. 

To  subtract  one  vector  from  another,  reverse  this  vector  and 
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add  it  vectorially  to  the  second  vector.  For  example,  in  Fig.  9 
(c)  it  is  desired  to  subtract  F2  from  F\.  F2  is  reversed  giving  —  F2. 
F'oj  the  vector  sum  of  Fi  and  —  F2,  found  by  completing  the  paral- 
lelogram, is  equal  to  Fi  —  F2.  Vectors  may  be  subtracted  by  the 
triangle  method  as  shown  in  Fig.  9  (d).  The  vector /^'o,  connect- 
ing the  ends  of  the  two  vectors  Fi  and  F2  whose  difference  is 
desired,  is  their  vector  difference. 


(a)  Sum  of  two  vectors  by  parallelogram     (  ^)  Sum  of  two  vectors  by 

method  triangle  method 

Fo^Fi-F2 


(  d)  Difference  of  two  vectors 
by  triangle  method 


(c)  Difference  of  two  vectors  by  parallelogram 

method  „ 


)<Ft,=Fi+Fa 


{e)  Sum  and  difference  of  two  vectors 
EiQ.  9. — Sum  and  difiference  of  two  vectors. 


If  a  parallelogram,  Fig.  9  (e),  having  vectors  Fi  and  F2  as 
adjacent  sides,  be  completed,  one  diagonal  Fo  of  the  parallelo- 
gram is  the  vector  sum  of  Fi  and  F2.  The  other  diagonal  F'o,  of 
the  parallelogram,  is  the  vector  difference  of  F\  and  i^2. 

A  vector  is  often  indicated  by  placing  a  dot  under  its  symbol. 
For  example,  in  Figs.  9  (o)  and  9  (6) 

Fo  =  Fi  +  F2 
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FiQ.  10. — Sum  of  three  vectors. 


shows  that  F^  is  the  vector  sum  of  F\  and  F^  and  not  their  algebnuc 

sum. 

When  more  than  two  vectors  are  added,  the  resultant  of  two  is 

first  found  and  this  resultant  is  combined  with  a  third  vector, 

etc.     This  is  illustrated  in  Fig.  10,  in  which  three  vectors  Fi,  Ft 

and  Fz  are  added. 

F\  and  Ft  are  first  combined 
and  the  resultant  F'  is  found. 
F'  is  then  combined  with  F%j 
giving  Fq  as  the  sum  of  all 
three  vectors,  Fi,  Ft  and  Ft. 
That  is, 

Fo  =  Fi  +  F»  +  F% 

F'  is  an  intermediate  vector 
and  therefore  does  not  appear  in  the  ultimate  result. 

8.  Ohm;  Volt. — If  a  resistance  of  one  ohm,  as  measmred  with 
diroct  current,  has  no  inductance  and  is  so  designed  that  alter- 
nating current  in  flowing  through  it  does  not  produce  any 
secondary  effects,  such  as  eddy  currents  or  skin  effect,  it  offers 
a  resistance  of  one  ohm  to  alternating  current. 

When  an  alternating-current  ampere  flows  through  such  a 
rofliatance,  the  drop  across  its  terminals  is  equal  to  one  alternating- 
current  volL  Hence,  the  relation  between  maximum  and  effective 
volts  is  the  same  as  the  relation  between  mxiximum  and  effective 
aniiH^res.  For  a  sine  wave,  the  maximiun  voltage  is  V^,  or 
1.414,  times  the  effective  voltage. 

9.  Phase  Relations. — The  current  and  voltage  in  the  ordinary 
altornating-current  system  have  the  same  fundamental  frequency 
luuior  nonnal  operating  conditions,  although  they  do  not  neces- 
Harily  piiss  through  their  corresponding  zero  values  at  the  same 
instant.  Figure  11  (a)  shows  two  sine-wave  cmrents,  one  having 
an  olToctive  value  of  8  and  the  other  of  12  amp.  Their  respective 
maxinunn  values  are  accordingly  8\/2  or  11.3  amp.  and  12V^  or 
17.0  amp.  Both  currents  pass  through  zero,  increasing  posi- 
tively, at  the  same  instant  and  are  therefore  said  to  be  in  pfiase 
with  each  other. 

Figure  11  (6)  shows  two  sine-wave  currents  of  8  and  12  amp. 
respectively,  but  not  passing  through  zero  at  the  same  instant. 
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The  8-amp.  current  passes  through  zero,  increasing  positively, 
later  than  does  the  12-amp.  current.  It  must  be  remembered 
that  time  is  increasing  from  left  to  right.  If  the  12-amp.  cur- 
rent is  passing  through  its  zero  value  at  2.00  o'clock,  the  8-amp. 
current  is  passing  through  its  corresponding  zero  value  some 
time  later,  for  any  value  of  time  to  the  right  of  2.00  is  later  than 
2.00  o'clock.  Therefore,  the  8-amp.  current  lags  the  12-amp. 
current. 


'12  Amp 


/ 


Fig.  11. — Phase  relations  of  alternating  currents. 


The  time  of  lag  shown  in  Fig.  11  (6)  corresponds  to  60°  and 
is  represented  by  the  angle  6,  Therefore,  the  8-amp.  current 
lags  the  12-amp.  current  by  an  angle  6  or  by  60°.  Or  the  12-amp. 
current  may  be  said  to  lead  the  8-amp.  current  by  an  angle  B  or 
by  60°. 

In  Fig.  11  (a)  the  two  currents  are  in  phase  with  each  other. 
In  Fig.  11  (6)  the  two  currents  have  a  phase  difference  of  60°. 

These   phase   differences   may  exist   between  currents  and 
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voltages,  betwem  two  or  more  voltages,  <»■  butaeeu  two  or  more 
currentB. 

9A.  AdditkHi  d  Cnrrents. — Figaie  12  siiows  two  eatrenta, 

havii^  effective  values  c^  8  and  12  amp.  respectively,  uniting 

J, =11  Amp  **•  ^°^  ™  *  CMnmon  wire.     If  these 

two   currents    were   direct   curreDts, 

then    by    Kirchhoff's   first   law    (see 

VoL  I,  page  77),  the  current  /«  could 

have   only   two    possible    Dumerical 

values,  12  +  8  =  20  amp.  if  the  two 

currents  Dow  in  the  same  direction 

and  12  —  8  =  4  amp.  if  they  flow  in  opposite  directions. 

If  the  two  currents,  Fig.  12,  are  alternating,  their  sum  /«  may 
be  equal  numerically  to  any  value  from  20  amp.  to  4  amp.,  de- 
pending on  the  phase  relation  existing  between  /i  and  It. 


Fto.  12. — Alteni«tin«  cu 


Pro.   13. — AdditioD  ol  two  rurrenta  id  phnae. 

Figure  13  shows  these  two  current.s  plotted  in  -pho^  with  each 
other.  Their  sum  /»  is  found  by  adding  their  ordinates  at  each 
instant.     The  resulting  current  obtained  in  this  manner  will  be 
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a  sine  wave  and  will  have  a  maximum  value  of  28.3  amp.  corre- 
sponding to  an  effective  value  of  28.3/\/2  =  20  amp.  That  is, 
when  two  currents  are  in  pha.se  their  sum  is  found  arithmetically. 
Figure  16  corresponds  to  the  condition  of  Fig.  11  (b),  where  the 
two  currents  differ  in  phase  by  60".  Their  sum  is  found  in  the 
same  manner  as  in  Fig.  13  by  adding  the  two,  point  by  point, 
and  obtaining  the  resulting  current  Is-  The  resultant  la  will  not 
have  a  maximum  value  of  28.3  amp.,  as  it  did  when  the  currents 
were  in  phase,  but  its  maximum  value  will  be  less,  actually 
being  34.7  amp.     This  corresponds  to  an  effective  value  of  17,45 


for  the  sum  of  the  two,  rather  than  of  20  amp.  aa  before. 
Therefore,  the  sum  of  any  nunAer  of  aitemating  currents  depends 
upon  their  phase  relations  as  well  as  upon  their  magnitudes. 

If  voltages  rather  than  currents  be  added,  it  will  be  found  that 
their  sum  depends  upon  their  phase  relations  as  well  as  upon  their 
magnitudes. 

10.  Vector  Representation  of  Aitemating  Quantities. — It 
was  shown  in  Fig.  2  that  a  sine  wave  could  be  drawn  by  pro- 
jecting a  rotating  radius,  in  its  successive  positions,  to  meet  cor- 
responding equally-spaced  ordinates.  The  value  of  the  current 
or  voltage  may  be  found  at  any  instant  by  projecting  a  radius 
upon  a  vertical  line. 

This  is  illustrated  in  Fig.  14.  A  certain  current  has  a  maximum 
value  /'.  This  value  /'  is  laid  off  as  a  radius  and  this  radius 
rotates  at  a  speed  in  revolutions  per  second  equal  to  the  fre- 
icy  of  the  current.     For  example,  if  the  current  /'  has  a 
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frequency  of  60  cycles,  the  radius  V  must  make  60  complete 
revolutions  per  second,  in  a  counter-clockwise  direction.  Coun- 
ter-clockwise rotation  has  been  adopted  internationally  as  the 
positive  direction  of  rotation. 

When  the  radius  /'is  at  the  right-hand  horizontal  position,  the 
value  of  the  current  is  zero.  When  /'  has  advanced  30**,  the  pcHnt 
h  on  the  current-wave  has  been  reached.  The  value  of  the  cur- 
rent at  this  instant  is  ab,  or  what  is  the  same  thing,  the  current 
value  is  given  by  the  distance  a'6',  the  projection  of  /'  upon  the 
vertical  axis.  At  this  particular  instant,  the  distance  ab  =  aV  = 
772,  since  sm  30**  =  0.5. 


Fio.  15. — Current  waves  produced  by  two  current  vectors  difiFering  in  phase  by 

6(r. 


Consider  two  currents,  /i  and  I^,  Fig.  15,  having  effective 
values  of  12.0  and  8.0  amp.  respectively.  The  current  1%,  whose 
maximum  value  is  11.3  amp.,  lags  current  /i,  whose  Tnayimiim 
value  is  17.0  amp.,  by  60°.  When  the  radius  /i  is  in  the  hori- 
zontal position,  the  value  of  I\  is  zero  at  this  instant.  At  this 
same  instant,  the  radius  I2  will  not  have  reached  its  horizontal 
position,  the  value  of  the  current  being  represented  by  cd,  Fig.  15. 
In  fact,  the  radius  1 2  does  not  reach  its  horizontal  or  zero  position 
untU  /i  has  advanced  60°  beyond  the  horizontal.  Further,  the 
horizontal  distance  ce  is  60°,  the  same  as  the  phase  angle  between 
the  two  rotating  vectors. 

Therefore,  these  two  current-waves  can  be  constructed  in  their 
proper  phase  relation  by  means  of  two  rotating  vectors  having 
lengths  of  17.0  and  11.3  amp.,  having  equal  angular  velocities, 
and  differing  in  phase  by  60°,  Fig.  15. 


ALTERNATING  CURRENT  AND  VOLTAGE 


19 


11.  Vector  Addition  of  Sine  Waves, — Assume  that  it  is  desired 
to  add  tbe  two  currents  of  Fig.  15.  This  may  be  done  by  adding 
the  ordinates  of  the  two  curves  at  each  point,  as  in  Fig.  16,  and 
plotting  a  new  curve.  Is.  This  new  curve  is  the  sum  of  the  two 
currents  whose  maximum  values  are  17.0  and  11,3  amp.  and 
effective  values  12  and  8  amp.  respectively,  and  the  maximum 
value  of  this  resultant,  if  measured  accurately,  will  be  24.7  amp. 
This  corresponds  to  an  effective  value  of  17.45  amp.  Therefore, 
the  sum  of  two  sine-wave  alternating  currents,  having  effective 
values  of  12  and  8  amp.  respectively  and  differing  in  phase  by 


60°,  is  17. -lo  amp. 


liar  addition  of  ardinate.'!. 


If  the  rotating  vectors,  Fig.  16,  be' added  vectorially  by  com- 
pleting the  parallelogram,  a  third  vector  /g  results.  This  vector 
/j  will  be  found  to  have  a  length  of  24.7  amp.,  the  exact  value  of 
the  maximum  of  the  resultant  current  wave  as  just  found.  If  a 
wave  be  plotted'  using  I3  as  the  rotating  vector,  projecting  as 
before,  it  will  coincide  with  Ij  as  obtained  by  the  addition  of  the 
ordinates  for  the  12-  and  8-amp.  waves.  The  angle  6  by  which 
the  radius  vector  /|  leads  Is  equals  the  angle  8  by  which  the 
current  wave  li  leads  the  cun-ent  wave  Is. 

Hence,  this  problem  can  be  solved  without  going  through  the 
somewhat  lengthy  process  of  plotting  the  waves  and  adding 
their  ordinates.  It  is  merely  necessary  to  lay  off  the  maximum 
values  of  the  waves  60°  apart  and  add  them  vectorially,  iuat  ba 
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forces  are  combined.    The  resulting  vector  will  be  the  maximum 
value  of  the  wave  obtained  by  adding  the  waves  of  /i  and  /j. 

In  practice,  one  generally  has  to  do  with  effective  rather  than 
maximum  values.  If  the  effective  values  of  the  waves  be  added 
in  this  same  manner^  their  vector  siun  is  the  sum  of  the  two 


/i=l«o 


g<     i — ^b 


Fig.  17. — Vector  addition  of  currents,  using  effective  values. 

alternating  currents  in  effective  amperes.  This  is  illustrated  in 
Fig.  17,  where  the  12-  and  8-amp.  vectors  are  laid  off  60°  apart, 
the  12-amp.  vector  leading.  By  completing  the  parallelogram, 
the  resultant  current  Oc  is  obtained.  This  has  a  value  of  17.45 
amp.     Its  value  is  readily  found  as  follows: 

Project  ac  upon  06,  where  oc  =  8 
ab  =  ac  cos  60^  =  4.00 
be  =  oc  sin  60^  =  7.45 

Oc  =  \/(12  +  4.00)2  +  (7.45)2  =  17.45  amp.     Ans. 


160  V 


Eao 


Eab 


FiQ.   18. — Vector  addition  of  two  equal  voltages  having  90®  phase  difTerence.i 

The  angle  6  can  be  readily  determined. 

7.45 

tan  d  =  tk;-7  =  0.466 

12+4 

.     ^  =  25° 

Example, — Each  of  two  alternator  Coils  Oo  and  06,  Fig.  18  (a),  is  generating 
an  emf.  of  160  volts.     These  voltages  differ  in  phase  by  90°.     Deter- 
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mine  the  voltage  across  their  open  ends  if  they  are  connected  together  at 
O  as  shown. 

Let  Eao  and  Eoi^  Fig.  18  (&),  represent  the  respective  voltages  across  coils 
aO  and  Oh.  Combining  these  two  vectorially,  the  voltage  Ed,  is  obtained.  As 
Eao  and  Ea  are  at  right  angles,  their  resultant  is  readily  found. 

Eab  =  y/E^o^  +  ^^  =  Vl60^  +155^  =  226  volts.     Ana, 

It  must  be  kept  constantly  in  mind  that  alternating  voltages  and 
currents  must  be  combined  vectorially. 

The  only  occasions  when  arithmetical  addition  is  permissible 
are  when  the  voltages  or  the  currents  are  in  phase. 


CHAPTER  II 

ALTERNATIN  G-CURRENT  CIRC1JITS 

12.  Altematiiig-ctirreiit  Power. — ^The  power  in  a  direct-current 
circuit  under  steady  conditions  is  always  given  by  the  product 
of  the  volts  across  the  circuit  and  the  current  in  amperes  flowing 
in  the  circuit.  This  same  rule  appUes  to  alternating-current 
circuits,  provided  that  only  instantaneous  values  of  amperes  and 
volts  are  considered.  The  average  power ,  however,  is  not  neces- 
sarily the  product  of  the  effective  volts  and  effective  amperes, 
the  values  which  are  ordinarily  measured  with  instruments. 


Fig.  19. — Power  curve;  current  and  voltage  in  phase. 

Figure  19  shows  a  voltage  wave  and  a  current  wave  in  phase 
with  each  other.  To  obtain  the  power  at  any  instant,  the  am- 
peres and  the  volts  at  that  instant  are  multiplied  together  and  a 
new  curve  P  may  be  plotted,  the  ordinates  being  the  instantane- 
ous products  of  E  and  /.  The  curve  P  then  gives  the  power  in 
the  circuit  at  any  instant.  The  ordinates  of  this  power  curve 
will  always  be  positive  when  E  and  I  are  in  phase,  because  the 
voltage  and  the  current  are  both  positive  together  during  the 
first  half  cycle  and  are  both  negative  together  during  the  second 
half-cycle,  and  the  product  of  two  negative  quantities  is  positive. 
That  is,  the  current  and  the  voltage  act  in  conjunction  through- 
out the  cycle  and  the  ordinates  of  the  power  curve  are  always 
positive. 
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It  will  be  noted  that  this  power  curve  is  a  aine  wave  having 
double  the  frequency  of  either  the  voltage  or  the  current.  For 
every  cycle  of  either  voltage  or  current,  the  power  wave  touches 
the  zero  axis  twice,  so  that  in  such  a  circuit  the  power  is  zero 
twice  during  each  cycle.  Since  the  peaks  of  the  voltage  and 
current  waves  occur  at  the  same  instant,  the  corrcspontUng  peak 
of  the  power  curve  is 

iV2E)   iV^l)  =  2EI 
where  E  and  /  are  the  effective  values  of  voltage  and  current. 

This  power  wave  has  its  horizontal  axis  of  symmetry  at  a  dis- 
tance EI  above  the  zero  axis.  Consequently,  EI  must  be  the 
average  value  of  the  power,  since  the  upper  half  waves  will  just 
fill  the  shaded  valleys  below  the  axis  of  symmetry  of  the  power 
wave.  When  the  current  and  the  voltage  are  in  phase  the  aver- 
age power  is  their  product,  as  with  direct  currents. 

Example. — An  iiicandeacent-lflmp   load   takes   30  amp.    from    115-volt, 
60-cycie  maina.     {Id  this  type  of  load  the  riirrcDt  and  voltage  are  sub- 
Htantially  in  phase.)     How  much  power  do  the  lamps  consume? 
P  =  E/  =  115  X  30  =  3.450  wafts.     Am. 

Figure  20  ahowa  the  current  and  voltage  90°  out  of  phase,  or 
in  quadrature,  the  voltage  leading.  Let  it  be  required  to  deter- 
mine the  power  curve  for  this  ^ 
condition.  At  points  a,  b,  c,  d 
and  e,  either  the  current  or  the 
voltage  is  zero,  and  the  power 
must  be  zero  at  each  of  these 
points.  Between  a  and  b  the 
voltage  is  positive  and  the  cur- 
rent is  negative,  and  they  are 
therefore  acting  in  opposition. 
The  product  of  a  positive  and  a 
negative  quantity  is  negative. 
Hence  the  power  between 
points  a  and  b  muat  be  negative.  This  means  that  the  circuit 
is  returning  power  to  the  source  of  supply.  Between  points  b  and 
c  both  the  current  and  the  voltage  are  positive  and  therefore 
the  power  between  these  two  points  must  be  positive.  Between 
c  and  d  the  current  is  positive,  but  the  voltage  is  now  negative. 
Therefore,   the   power  is   again   negative   between  these  two 


Fio.    20. — ^Power    curve:    oturont 
nd  voltage  in   quadrature,   current 
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points.     Between  d  and  e  both  the  current  and  the  voltage  are 
negative  and  the  power  now  becomes  positive. 

This  power  curve  is  a  sine  wave  having  double  the  frequency  of 
either  the  current  or  the  voltage.  Its  axis  of  synunetry  coincides 
with  the  axis  of  current  and  voltage.  There  must  be  as  much  of 
the  power  curve  above  the  zero  axis  as  there  is  below  that  axis,  or 
the  positive  power  above  the  axis  must  be  equal  to  the  negative 
power  below  the  axis.  That  is,  all  the  positive  power  received 
from  the  source  is  returned  to  the  source  of  supply.    Therefore, 

the  net  power  is  zero. 
When  current  and  volt- 
age differ  in  phase  by 
90°,  or  are  in  quadrature, 
the  average  power  is 
zero.  If  the  current 
leads  the  voltage  by  90®, 
the  average  power  is 
zero,  as  is  shown  later  in 
Fig.  30. 

If  current  and  voltage 
are  out  of  phase  by  an 
angle  less  than  90°,  but  greater  than  0°,  the  -resulting  power 
curve  P  is  that  indicated  in  Fig.  21.  At  points  a,  6,  c,  d  and  e, 
either  the  voltage  or  the  current  is  zero  and  the  power  is  aero 
at  each  of  these  points.  Between  a  and  6,  and  between  c  and 
d,  the  current  and  voltage  are  in  opposition,  and  the  power  is 
negative.  Between  h  and  c,  and  between  d  and  e,  they  are  in 
conjunction,  and  the  power  is  positive.  It  will  be  noted  that 
there  is  more  positive  power  than  negative  power.  The  average 
power  is  not  zero,  but  is  positive,  and  is  less  than  the  product 
of  E  and  /.     It  will  be  shown  later  that  this  power 

P  =  EI  cos  e  (5) 

where  6  is  the  phase  angle  between  voltage  and  current.     Cos  0 

is  called  the  power-factor  of  the  circuit.    P  is  the  true  watts  and 

EI  the  apparent  wattSy  or  voU-amperes. 

The  power-factor 

T>  T7  /,  true  watts  P  ,^. 

P.  F.  =  cos  ^  = 7 ir  =  E^  (6) 

apparent  watts      EI  ^  ^ 

The  power-factor  can  never  be  greater  than  unity. 


FiQ.  21. — Power  curve;  current  and  voltage 
out  of  phase  by  angle  0. 
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13.  Circuit  Containing  Resistance  Only. — Figure  22  shows  an 
alternating-current  circuit  containing  resistance  only.  A  t)oten- 
tial  difference  of  E  volts  is  impressed  across  the  resistance  R. 
In  virtue  of  this  voltage  a  current  having  the  equation  i  =  I^ax 
sin  (at  flows,  where  w  is  the  angular  velocity  of  the  rotating  vector 
in  radians  per  second.  (See  page  11,  par.  6,  equation  (3) .)  As  one 
revolution  of  the  rotating  vector  corresponds 
to  27r  radians,  the  vector  must  complete  27r/ 
radians  per  second,  where  /  is  the  frequency. 
Hence  w  =  27r/.  (For  60  cycles,  co  =  377; 
for  25  cycles,  co  =  157.) 

From    the    definition    of    an    alternating- 
current  volt  (Par.  8), 

e  =  Ri  =  RImax  sin  (at. 

The  current  and  the  voltd.ge  are  in  phase. 

They  have  the  same  frequency  and  when  t  = 

0,   sin  (at  =  0,  and  both  the  current  and  voltage  waves  are 

crossing  the  zero  axis  simultaneously  and  increasing  positively, 

as  shown  in  Fig.  23  (a). 

If  effective  values  are  used,  E  =  IR,     Figure  23  (6)  show^  the 
vector  diagram  for  this  circuit,  using  effective  values.     The  IR 


Fig.  22.— Circuit 
containing '  resistance 
only. 


^E  =  IR 


Fig.  23. — Current  and  voltage  waves  in  phase,  and  vector  diagram. 


drop  is  in  phase  with  the  current  /  and  is  equal  to  the  voltage  Ey 
since  no  other  voltage  exists  in  the  circuit. 

As  the  current  and  the  voltage  are  in  phase,  the  power 

P  =  EI  (7) 

as  is  shown  in  Fig.  19.     Also 

P  =  PR 
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It  will  be  observed  that  with  resistance  only,  the  alternating- 
current  circuit  follows  the  same  laws  as  the  direct-current  circuit, 
in  regard  to  the  relation  existing  among  voltage,  current, 
resistance  and  power. 

14.  Circuit  Containing  Inductance  Only. — It  was  shown  in 
Vol.  I,  Chap.  VIII,  that  inductance  always  opposes  any  change 
in  the  current  flowing  in  a  circuit.  For  example,  when  the  cur- 
rent starts  to  increase  in  an  inductive  circuit,  the  electromotive 
force  of  self-induction  opposes  this  increase.  This  is  illustrated 
in  Fig.  24  (a),  which  shows  the  rise  of  current  in  a  direct-current 
circuit  containing  resistance  and  inductance,  when  a  steady  volt- 
age is  impressed.    The  current  rises  slowly  to  its  ultimate  value. 


Fio.  24. — Increase  and  decrease  of  current  in  an  inductive  circuit. 


On  the  other  hand,  when  the  current  attempts  to  decrease  in 
the  circuit,  the  inductance  tends  to  prevent  this  decrease,  as  is 
shown  in  Fig.  24  (6).  In  other  words,  if  inductance  is  present  in 
a  circuit,  it  always  opposes  any  change  in  the  current.  With  a 
steady  direct  current,  however,  the  inductance  has  no  eflfect. 

If  in  Fig.  24  (a)  the  voltage  across  the  inductance  be  lowered 
when  the  current  reaches  point  a,  the  current  will  not  reach  its 
Ohm^H  law  value.  This  same  effect  occurs  in  alternating-cur- 
rent circuits.  With  inductance  in  the  circuit,  the  current  does 
not  have  time  to  reach  its  Ohm's  law  value  before  the  voltage  be- 
gins to  decrease  either  positively  or  negatively.  The  current  change 

is  opposed  by  the  electromotive  force  of  self-induction,  which  at 

di 
any  instant  is  equal  to  —L-t.j  where  L  is  the  inductance  inhenrys 

(ii 
and  ,.  is  the  rate  in  amperes  per  second  at  which  the  current  is 

changing  at  that  instant.     The  minus  sign  signifies  that  this 
voltage  is  opposing  the  change  in  the  current. 
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Figure  25  shows  a  current  wave  /.  Starting  at  (a)  the  current 
is  changing  at  its  maximum  rate  in  a  positive  direction.  There- 
fore, at  this  instant  the  electromotive  force  of  self-induction  must 
be  at  its  negative  maximum  value.  At  point  b,  the  top  of  the 
current  wave  \&  horizontal  and,  therefore,  at  this  instant  the 
current  is  not  changing  at  all.  Hence  the  electromotive  force  of 
self-induction  is  zero.  At  c  the  current  is  changing  at  its  maxi- 
mum rate  negatively  and  the  electromotive  force  of  self-induction 
must  be  maximum  positive,  because  of  the  negative  sign  in  the 


formula.  Continuing  in  this  way  the  voltage  curve  <i'b'c'  is 
obtained.  It  will  be  observed  that  this  wave  is  a  sine  wave  and 
is  lagging  the  cur'rent  by  90°, 

This  is  the  only  voltage  in  the  circuit  which  opposes  the  change 
of  current.  It  corresponds  to  the  back  electromotive  force  of  a 
motor.  The  line,  in  the  case  of  the  motor,  must  supply  a  voltage 
opposite  and  equal  to  the  back  electromotive  force  before  any 
current  can  flow  into  the  armature.  This  same  condition  exists 
iu  the  alternating-current  circuit.  Before  any  current  can  flow 
into  a  circuit  containing  inductance,  but  no  resistance,  a  voltage 
opposite  and  equal  to  the  electromotive  force  of  seK-induction 
must  be  supplied  by  the  line. 

Therefore,  in  Fig.  25  the  voltage  E,  which  is  the  line  voltage, 
is  opposite  and  equal  to  the  electromotive  force  of  self-induction. 

It  will  be  noted  that  the  impressed  voltage  leads  the  current  by 
90",  or  the  current  lags  this  voltage  by  90°.  With  inductance 
only  in  the  circuit,  the  current  lags  the  impressed  voltage  by  90°. 
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It  will  be  observed  that  with  resistance  only,  the  altematin 
current  circuit  follows  the  same  laws  as  the  direct-current  circu] 
in  regard  to  the  relation  existing  among  voltage,  cuneii 
resistance  and  power. 

14.  Circuit  Containing  Inductance  Only. — It  was  shown  i 
Vol.  I,  Chap.  VIII,  that  inductance  always  opposes  any  cham 
in  the  current  flowing  in  a  circuit.  For  example,  when  the  ov 
rent  starts  to  increase  in  an  inductive  circuit,  the  electromoth 
force  of  self-induction  opposes  this  increase.  This  is  illustraW 
in  Fig.  24  (a),  which  shows  the  rise  of  current  in  a  direct-cuman 
circuit  containing  resistance  and  inductance,  when  a  steady  vdfr 
age  is  impressed.     The  current  rises  slowly  to  its  ultimate  value. 


Time 


Time. 


(*)'  (4) 

Fio.  24. — Increase  and  decrease  of  current  in  an  inductive  circuit. 

On  the  other  hand,  when  the  current  attempts  to  decrease  ||| 
the  circuit,  the  inductance  tends  to  prevent  this  decrease,  ae 
shown  in  Fig.  24  (6).     In  other  words,  if  inductance  is  present 
a  circuit,  it  always  opposes  any  change  in  the  current.     Wil 
steady  direct  current,  however,  the  inductance  has  no  effect. 

If  in  Fig.  24  (a)  the  voltage  across  the  inductance  be  low< 
when  the  current  reaches  point  a,  the  current  will  not  reach 
Ohm's  law  value.     This  same  effect  occurs  in  alternating- 
rent  circuits.     With  inductance  in  the  circuit,  the  current  dij 
not  have  time  to  reach  its  Ohm's  law  value  before  the  voltage 
gins  to  decrease  either  positively  or  negatively.  The  current  cl 

is  opposed  by  the  electromotive  force  of  self-induction,  which 

di 
any  instant  is  equal  to  ^L-t.j  where  L  is  the  inductance  inhenryi'^ 

di 
and  -jj  is  the  rate  in  amperes  per  second  at  which  the  current  is 

changing  at  that  instant.     The  minus  sign  signifies  that  tbiff 
voltage  is  opposing  the  change  in  the  current. 


ALTERNATING-CURRENT  CIRCUITS 


29 


16.  Circuit  Containing  Capacitance  Only. — When  a  direct- 
current  voltage  is  impressed  across  the  plates  of  a  condenser, 
(Vol.  I,  Chap.  IX)  there  is  an  initial  rush  of  current  which  charges 
the  condenser  to  line  potential.  After  this  there  is  no  further 
flow  of  current  if  the  line  voltage  remains  constant.  If  the  con- 
denser plates  now  are  short-circuited,  making  the  voltage  across 
the  plates  zero,  current  flows  out  of  the  condenser. 

Figure  28(a)  shows  an  alternating  voltage  E  impressed  across 
the  plates  of  a  condenser  C.  When  the  voltage  starts  from  its  zero 
value  at  a,  Fig.  28(6),  and  increases  positively,  current  flows  into 


Fig.  28. — Circuit  containinf;  capacitance  only. 


the  condenser.  Therefore,  this  current  is  positive.  As  long  as 
the  voltage  across  the  condenser  plates  continues  to  increase, 
current  must  flow  into  the  condenser  from  the  positive  wire  and 
this  current  will  be  positive  in  sign.  When  point  b  is  reached, 
^  the  increase  of  voltage  ceases  and  the  current  becomes  zero. 
Between  b  and  c  the  voltage  is  decreasing  so  that  current  is 
flowing  oiU  of  the  condenser  into  the  positive  line,  and  as  the 
current  flow  has  reversed,  the  sign  of  the  current  is  now  negative. 
After  E  passes  through  zero  at  c,  the  emf .  is  negative  and  charges 
the  condenser  in  the  opposite  direction,  so  the  current  still 
remains  negative.  This  continues  until  the  voltage  reaches  its 
negative  maximiun.  At  this  point  the  current  reverses  and 
-again  becomes  positive. 

An  examination  of  Fig.  28  shows  that  when  £^n  alternating 
voltage  is  impressed  across  a  condenser,  the  current  into  the  con- 
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(loiiHcr  leads  the  voltage  by  90°.     This  is  illustrated  by  Fig.  29, 
in  which  the  relation  is  shown  vectorially. 

It  will  be  seen  from  the  foregoing  that  alternating  current  does 
not.  act  ually  flow  conductively  through  the  insulation  of  the  con- 
(UuiHer.  A  i)erfoct  condenser  oflfers  an  infinite  resistance  to  alter- 
nat  ing,  as  well  as  to  direct  current.  However,  with  alternating 
current,  the  condenser  is  alternately  charged  and  discharged,  so 

^j    that  a  quantity  of  electricity  flows  into  the 

positive  plate,  and  then  out  again,  etc.  It  is 
this  quantity  of  electricity  which  flows  to  charge 
and  to  discharge  the  condenser  which  constitutes 
the  alternating  current.  An  ammeter  placed  in 
^  the  line  to  such  a  condenser  indicates  a  current. 

B  •  IX  ♦ 

1.^  wx*  1.  .  It  is  clear  that*  this  current  is  proportional  to 
iJiiiummforoircuit  the  frequenoj',  for  the  more  rapidly  the  voltage 
iH>ntmiiinK  ouimoi-  alternates,  the  greater  the  quantity  of  electricity 

t«iuH»  only.  111.1  1  1  ,      , 

chargiHi  and  discharged  per  second,  and  there- 
{oxv  the  gn^ater  the  tlow  of  eurnnit.     This  current  is  also  propor- 
tional to  the  cnpacitanee,  (\  and  to  the  voltage  E, 
The  actual  value  of  the  curnMit  in  amperes  is  given  by 

/  =  2irfCE  (10) 

wheiv  ('  is  in  hinuh. 

This  oquation  iHay  also  Ih^  written 

/  =     '■•     =   ^ 

1_      A\.  (11) 

'2itfC 

.\\'  is  called  the  ^^»»i^i«'N^^•rv  or  ctipacitiix  reactance  of  the  circuit 
\\\  o\\\\\i^  and  is  equal  to  I   v.-«"A^^« 
.\ls\\ 

K  J \ > »*j  jvi .     \>  )\.i t  )s  t  ho  *\M\*ion*i V x^  iwi o ! ,-1  v. ^v  o:  ;i  1 0-microfarad  condenser 
rtt  ik>  *v\x*U\N  JVM  Niv*M\xi  AJui  how  nv,;oV.  ov.rrt^r.T  wiU  it  tAke  from  110-volt. 

10  «\!    -  0  iX\V\  :.irii*i 
^*  "  .S«V  \  OiXUn  ~     -StV         -^'^^^""**^     •*«*• 
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The  relations  of  current  and  voltage  in  a  condenser  circuit  may 
also  be  proved  as  follows: 

Let  e  be  the  instantaneous  voltage  across  the  condenser,  C  the 

capacitance  in  farads,  and  q  the  charge  in  coulombs  at  any 

instant. 

Let  i  =  I  max  sin  (at  be  the  equation  of  the  current'. 


'-c' 


sin  (atdt 


q  =    i   idt  =  i  Imax  sij 

Q  J-  mas  I      •  ,  J.  •*  mas  /  ,\ 

=  P^  =  —^  I  sm  o)tdt  =  --^j—  ( — COS  cat) 
sin  {o)t  -  90°) 


I 


max      •. 


This  equation  shows  that  the  sine  wave  of  voltage  lags  the 
current  wave  by  90°. 

The  average  power  in  a  circuit  containing  capacitance  only  is  zero. 


Fig.  30. — Voltage,  current,  and  power  curves;  circuit  containing  capacitance 

only. 

This  may  be  shown  by  plotting  the  power  curve  from  the  cur- 
rent and  voltage  curves,  as  was  done  in  Fig.  20.  This  is  shown 
in  Fig.  30,  where  P  is  the  curve  of  power.  There  is  as  much  of 
the  power  curve  below  as  above  the  zero  axis,  so  that  the  net 
power  is  zeroj  as  in  a  circuit  with  pure  inductance  only.  When 
the  power  curve  is  positive,  energy  is  being  delivered  to  the 
circuit  and  stored  in  the  condenser;  when  the  power  curve  is 
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uegative,.  thih  eueri^y  ih  beinj^  given  back  aeaizi  to  the  soont 
Altliouglj  tli^r  net  p'-fWf-r  ih  aero.  There  i?-  a  c-ontimial  transfer  d 
(iu<ir^y  frouj  the  hour<;^  to  the  condeuHer  and  back  a^ain  to  ik 

16.  Circuit  Containing  Resistance  and  Inductance  in  Sen 
J'igui-e  31  nihowt:  a  circiit  oonbif^tiii)£  of  a  resistanoe  J?  and  aa 

ixiduetive   reaetance  Xl  connected  in  araiei 
a/:/^>j*  aij  alv-rnating  circuit  whose  frequencr  1 1 
ifc  /  eyfi*^  pr-f  b^-cond.    The  voltage  impreased 
^  d  a/.T^ihi;  the  circuit  ijs  £  and  a  current  /  flows. 

i^  Xg/^'/L  Ij.^  j^  j^^  Hf^^uired  to  determine  the  relatioDS 
Fj«.    -si-riruiiii   ajiiofJK  /,  A',  U,  and  Xl. 

Fii^iire  32  (a)  fthows  a  vector  diagram  for 
xiiiti  circuit.  Ais  the  current  I  is  the  same  in 
Uith  Xl  and  A,  it  is  laid  ofif  horizontally  to 
biulr.  The  |jOhi(i/iii  rif  the  current  vector  /  is  artHtrary.  (It 
ib  yiven  the  [hmiUhu  nhown  merely  for  convenience.)  From  Fig. 
'ill  (/i),  \mg\'  2h,  the  vohu^e  A\  ucroHH  the  resistance  i2 is  tn pAoM 
uillj  the  I'ui'jvnt.  Therefoiv,  it  is  laid  off  along  the  current  vector, 
li^niui  V\^.  '21 ,  page  2s,  the  voltage  El  across  the  inductance 
U'xuib  the  current  7  by  90**  and  ia  equal  to  IX l* 


uOli LW JjJ tig    FtmiMtMli < e 

Dvjictt 


tii- 


/■ 


V:i" 


b^ 


•-  i 


A/ 

> 

4 

JXx 

*v 

\ 

"A', 

iR 


.M 


k- 


>.'        \  ;.*.  fx^i   .ii^«:i^a'i  ikU 


rMUtanoe  mnd 


Itiv-  i-'.iv'  \v\i:.*iio  r.  \iv,L>f  tv  -ho  vt\*u>r  sian  oi  these  two  vrft- 
-*i;v.v>.  >K'  ::i;'  a.i-..4  1U-Ik^'..4:'.i  :^  .v:v,vIov.v.  Ar.d  The  dia^DOoal  is  the 
\vO:.**;^'  r.  l^..•  >.4:-..-  .v^..':  i>  .»^:.^.i-.sV.  ::  JA'i  b  laid  off  per- 
Lvi^.t. ..:!.«.■.   io  .*  ..:   ;^i'  v'.  .1  x^i  :^o  \xv:o:   .".V,  u^iis^  a  triangle 

V>    -     ^jii:.     .^•::^;c   >  :oiui<.v  o>    :h^*5ie  :a:^e  vohaises^  the 


h  \  ;^V .  ^  —  -ov* 
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and 

I  =         ^         =  ^  =  ^  (13) 

VR"  +  Xl^        VR"  +  (2x/L)«       Z  ^ 

Z  =  V^B*  +  Xl^  is  the  impedance  of  the  circuit  and  is  ex- 
pressed in  ohms.  It  is  ordinarily  denoted  by  Z.  Equation 
(13)  corresponds  to  Ohm's  law  for  the  direct-current  circuit. 
The  current  in  an  alternating-current  circuit  is  directly  propor- 
tional to  the  voltage  across  the  circuit  and  inversely  proportional 
to  the  impedance  of  the  circuit.  That  is,  if  the  voltage  in  volts 
be  divided  by  the  impedance  in  ohms,  the  value  of  the  current  in 
amperes  is  obtained. 
Also  the  voltage 

E  =  IZ.  (14) 

An  inspection  of  Fig.  32  shows  that  the  angle  B  by  which  the 
current  lags  the  voltage  may  be  determined  as  follows: 

tan^--^--^--^  (15) 

722  R  R  (16) 

cos  6  =     ,  =     , =  =  ^ 

y/{JRY  +  (JXy       y/R^  +  Xl"-       Z 

Example. — ^A  circuit  containing  0.1  henry  inductance  and  20  ohms  resis- 
tance in  series  is  connected  across  100-volt,  25-cycle  mains,  (a)  What  is 
the  impedance  of  the  circuit?  (6)  What  current  flows?  (c)  What  is  the 
voltage  across  the  resistance?  (d)  What  is  the  voltage  across  the  induc- 
tance? (e)  Determine  the  angle  by  which  the  voltage  leads  the  current. 
Xl  =  2x25  X  O.I  =  157  X  0.1  =  15.7  ohms. 

(a)     Z  =  V(20)«  +  (15.7)2  =  \/646  =  25.4  ohms.     Am, 

(h)      I  =  -=  —  K^  =  3.94  amp.      Ans. 

(c)  Er  ^  IR  ^  3.94  X  20  =  78.8  volts.     Ans. 

(d)  El  =  IXl  =  3.94  X  15.7  =  61.8  volts.     Ana. 

As  a  check  \/(78.8)2  +  (61.8)2  =  100  volts. 

(e)  tan  0  = -^  -  -^  =  0.785.       Ans. 

From  page  460,      ^  =  38.1**.  Arts. 

17.  Power. — It  has  already  been  shown  that  a  pure  inductance 
consumes  no  power.  Therefore,  the  inductance  of  Fig.  31  con- 
simies  no  power.  All  the  power  expended  in  the  circuit  must  be 
accounted  for  in  the  resistance.     That  is 

p  =  72/e  =  7(7/e) 

IR  is  obviously  equal  to  E  cos  6  (Fig.  32). 
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Therefore,  the  power 

P  =  I{IR)  =  IE  cos  e  =  EI  cosB    . 

As  has  already  been  shown,  cos  6  is  the  power-factor  of  the 

circuit  and  is  equal  to  the  true  power  divided  by  the  volt-amperes 

or  apparent  power. 

P 


P.F.  = 


EI 


Obviously  the  power-factor  can  never  exceed  1.0.     It  is  usually 
less  than  1.0. 

Example. — How  much  power  is  consumed  in  the  foregoing  circiiit  and 
what  is  the  power-factor? 
P  ^PR^  (3.94)2  X  20  =  310  watts.    Ana, 


P.F.  = 


310 


EI      100  X  3.94 


=  0.787.    Ana. 


R  20 

Also  cos  e  =  P.  F.  =  ^  =  TT^-T  =  0.787.     Ana. 

Z  i20.4 


18.  Circuit  Containing  Resistance  and  Capacitance  in  Series. 

Figure  33  shows  a  circuit  containing  a  resistance  R  and  a  con- 


/  = 


E 


Yr^ 


Fig.  33. — Circuit  containing 
resistance  and  capacitance  in 
series. 


Fig.  34. — Vector  diagram  for  circuit 
containing  resistance  and  capacitance  in 
series. 


densive  reactance  Jf  c  in  series.  An  alternating  voltage  j&,  of 
frequency/  cycles  per  second,  is  impressed  across  this  circuit  and 
a  current  /  flows.  Let  it  be  required  to  determine  the  relation 
existing  among  E,  J,  R  and  Xc> 

The  current  I  is  the  same  in  both  R  and  Xc  and  is  laid  oflf 
horizontal  in  the.  vector  diagram,  Fig.  34.  The  voltage  Eb 
across  the  resistance  is  in  phase  with  the  current.  The  voltage 
Ec  across  the  condensive  reactance  lags  the  current  /  by  90° 
(see  Fig.  29),  page  30.  The  Une  voltage  E  is  obviously  the  vector 
sum  of  IR  and  IX  c  and  is  therefore  the  hypotenuse  of  the  right 
triangle  having  these  two  voltages  as  sides.     Obviously 

E  =V{iRy  +  {IX  cy  =  /  v/?^  +  x^  =  iz      (17) 

where  Z  is  the  impedance  of  the  circuit. 
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Solving  the  above  for  the  current  I, 

E  E  E 

The  power  taken  by  the  circuit  is  obviously 

as  the  net  power  taken  by  the  condenser  is  zero. 

IR  =  E  cos  e 

Therefore  P  =  EI  cos  6,  which  is  the   same  expression  for 
power  as  with  inductance  and  resistance  in  circuit. 
The  angle  6  may  be  determined  as  follows: 

COS  6  =     y  =  =     ,  =  ^  =  p.  F. 

C  must  be  expressed  in  farads. 

Example, — ^A  capacitance  of  20  microfarads  and  a  resistance  of  100  ohms 
are  connected  in  series  across  120-volt,  60-cycle  mains.  Determine:  (a) 
The  impedance  of  the  circuit. .  (6)  The  current  flowing  in  the  circuit,  (c) 
The  voltage  across  the  resistance,  (d)  The  voltage  across  the  capacitance, 
(e)  The  angle  between  the  voltage  and  the  current.  (/)  The  power,  (g) 
The  power-factor  of  the  circuit. 

20  mf.  =  0.000020  farads. 

Xc  =*  "X — :r;;^ _  ---.-.-.^  =  133  ohms. 

2ir60  X  0.000020 

'      (a)     Z  =  \/(100)2  +  (133)2  =  \/27,700  =  166  ohms.    Ans. 

120 
(6)      /  =  j^  =  0.723  amp.     Ans. 

(c)  Er  -=  IR  =  0.723  X  100  =  72.3  volts.     Ans. 
id)  Ec  =  IXc  =  0.723  X  133  =  96.2  volts.     Ans. 

V(72.3)2  +  (96.2)2  =  120  volts  {check). 

(e)    tan  «=  f--  =  fl  =  1.33. 

e  =  53.  l^     Ans. 
(/)      p  =  /a/j  =  (0.723)2  X  100  =  52.2  watts.     Ans. 

(g)    cos  ^  =  ^  =  Yaa  =  0.602.     Ans. 
^^•^'  *  £  =  120  X  0.723  =  ^-^2  (cA^cfc). 
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19.  Circuit  Containing  Resistance,  Inductance  and  Capaci- 
tance in  Series. — Figure  35  shows  a  resistance  R,  an  inductive 
reactance  Xl  and  a  condensive  reactance  Xc,  all  connected  in 
series.    The  voltage  across  the  circuit  is  E  volts,  the  frequency 

is  /  cycles  per  second  and  the  current 
is  I  amp. 

As  this  is  a  series  circuit,  the  current 
is  the  same  in  all  parts  of  the  circuit 
and  for  convenience  the  current  vector 
I  is  laid  off  horizontal  in  the  circuit 
vector  diagram.  Fig.  36.  The  voltage 
Er{=  IR)  across  the  resistance  is  in 
phase  with  the  current  and  is  laid  off 
to    scale   along  the   current   vector. 

Fig.  35. — Circuit  containing    The    Voltage    El  {=   IXl)   acrOSS  the 
resistance,  inductance  and  ca-     •     a      ±    ^^^   '^  ^^^A     it     j.     -uj.  i 

pacitance  in  series.  mductance  IS  laid  off  at  nght  angles 

to  the  current  and  leading.  The 
voltage  Ec  {=  IX c)  across  the  condenser  is  laid  off  at  right 
angles  to  the  current  and  lagging. 

An  examination  of  Fig.  36  shows  that  the  voltage  across  the 
inductance  and  that  across  the  capacitance  are  in  opposition, 
so  that  the  resultant  voltage  of 
these  two  is  their  arithmetical  j^ 
difference.  In  •  this  particular  ^^ 
case,  IX L  is  shown  as  being  ^' 
greater  than  IX  c.  Therefore, 
IX  c  is  subtracted  directly  from 
IXl,  The  line  voltage  must  be 
the  vector  sum  of  the  three 
voltages  and  is  the  hypotenuse 
of  a  right  triangle  of  which  IR  and  (IXl  ~  IXc)  are  the  other 
sides.     Therefore 


j=^- 


E 


\/jBHafj;-jrc>* 


FiQ.  36. — Vector  diagram  for  cir- 
cuit containing  resistance,  inductance 
and  capacitance,  aU  in  series. 


E  =  Vimr  +  {iXr.  -  IXc)* 

E  =  Wr^  +  (Xt  -  XcY 


(20) 


Solving  for  I 


I  = 


E 


E 


Vr'  +  (Zi  -XcV    z 


(21) 
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which  is  the  equation  for  the  series  alternating-current  circuit 
in  the  steady  state. 

The  value  of  Xl  and  Xc  may  be  substituted  in  equation 
(21).     It  then  becomes 

I  =  -— -  ^  (22) 


>  +  ((2./L-^)^- 


27r/C> 
The  phase  angle  6  is  found  as  follows: 

tan  6  =  ^^  ^  ^^  (23) 

If  Xl  is  greater  than  -X*c,  the  tangent  is  positive  and  6  is 
positive,  as  shown  in  Fig.  36.  This  indicates  a  lagging  current. 
If  Xc  is  greater  than  Xl,  the  tangent  becomes  negative  and  the 
angle  6  becomes  negative.     This  indicates  a  leading  current. 

The  power-factor  of  the  circuit 

P.F.   =  cos  0   =         .        -        ^^-  :r.  =  ^.  (24) 

VR^  +  (Xl  -  XcY      Z  ^ 

Example. — ^A  series  oircuit  consisting  of  a  resistance  of  50  ohms,  a  capaci- 
tance of  25  mf.  and  an  inductance  of  0.15  henry  is  connected  across  120- 
volt,  60-cycle  mains. 

Find :  (a)  The  impedance  of  the  circuit.  (6)  The  current  in  the  circuit, 
(c)  The  voltage  across  the  resistance,  {d)  The  voltage  across  the  induc- 
tance (e)  The  voltage  across  the  capacitance.  (/)  The  power  taken  by  the 
circuit,  {g)  The  phase  angle  of  the  circuit,  {h)  The  power-factor  of  the 
circuit. 

Xl  =  2ir60  X  0.15  =  377  X  0.15  =  56.6  ohms. 

^^  =  2^60  X  0.000025  ^  ^^  ^^°^"- 
(a)  Z  =  V(50)2  + (56.6-106)2  =  V(50)2 -f  (- 49.4)^  =  70.2 ohms.    Am, 
(6)      /  =  =7>-rt  =  1-71  amp.     Ans. 

(c)  Eb  =  IR  =  1.71  X  50  =  85.5  volts.     Ans. 

(d)  El  =  IXl=  1.71  X  56.6  ==  96.8  volts.     Ans. 

(e)  Ec  =  IXc  =  1.71  X  106  =  181.1    volts.     Ans. 
(J)     p  =  J2R  ^  (1.71)2  X  50  =  146  watts.     Ans. 

,  N   .       a       Xl-  Xc      56.6  -  106       -49.4  ^  .^^ 

(g)   tan(^=— ^ ^ ^  =-0.988. 

$  =  —44.6°.     Therefore  the  current  leads.     Ans. 

(h)  cos  0  =      ,  -  =  =7r^  -  0.712.     Ans. 

VR^  +  (Xl  -  XcY      70.2 
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I 


'-Ex- 96.8  V. 


Kr  -  8A.5  V. 


S^mM.B  V 


■^i -1.71  a 


Figure  37  gives  the  vector  diagram  for  the  circuit  conditions 

represented  by  this  problem. 

It  will  be  observed  that  the  voltage  across  the  condenser 

exceeds  the  line  voltage  by  a  considerable  amount.    This  would 

be  impossible  under  like  con- 
ditions in  a  direct-current 
circuit,  for  the  voltage  across 
any  part  of  the  circuit  cannot 
exceed  the  line  voltage.  This 
condition  can  exist  in  an 
alternating-current  circuit,  be- 
cause the  condenser  voltage 
and  the  inductance  voltage 
are  in  direct  opposition. 
Both  may  be  large,  provided 
their  difference  is  less  than 
the  line  voltage. 

20.  Resonance  in  a  Series 
Circuit. — The  general  equa- 
tion (22)  for  the  current  in  a 
series  circuit  shows  that  for 
fixed  values  of  resistance  and 


jPc -181.1V.) 


Yt 


Kkj.  H7.— Vector  diagram  for  series 
fiinmit,  giving  numoricol  values. 


iiu(ir(iHH(Hl  voltage  the  current  is  a  maximum  when  the  expression 
in  (ho-  |)arenthcsis  under  the  square  root  sign  is  equal  to  zero. 
That  is,  in  the  equation 

7=  ^ 


|,tM:  rsurrent  is  a  maximum  when 


iUift  Ihfiii  becomes 


I  = 


E 


j|.M  it\iin'H  law  value. 
\iitiU''i  thittitt  conditions     ^ 


Vr^  +  (0) 


E 
R 


2TfL  = 


27r/C 


(26) 


2irfLI  = 


2wfC 
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That  is,  the  voltage  across  the  inductance  is  equal  to  the 
voltage  across  the  capacitance.  As  these  two  voltages  are  in 
exact  opposition,  they  balance  each  other,  so  that  the  IR  drop  is 
equal  to  the  line  voltage.     This  is  Ulustrated  in  Fig.  38. 

When  the  foregoing  conditions  exist,  the  circuit  is  said  to  be  in 
resonance.  The  current  is  then  in  phase  with  the  line  voltage 
and  the  power  P  =  EI. 

Solving  equation  (25)  for  the  frequency 


I 


2r/t  - 


1 


=  0 


%,y/W 


(26) 


This  is  the  frequency  for  which  a  circuit  having  fixed  values  of 
Jj  and  C  will  be  in  resonance.  It  is  sometimes  called  the  natural 
frequency  of  the  circuit,  because  it  is 
the  frequency  at  which  the  current  in 
the  circuit  will  oscillate,  if  no  external 
frequency  is  impressed  on  the  circuit, 
provided  the  resistance  R  is  less  than 
s/iL/C-  For  example,  in  a  radio 
circuit  a  condenser  C,  charged  to  a 
high  voltage,  is  discharged  into  an  ^ 
inductance  L,  of  negligible  resistance,  m- 
The  frequency  of  the  resulting 
oscillations  as  determined  by  the 
values  of  L  and  C,  is  given  in  equa- 
tion (26). 

As  the  voltage  across  the  inductance 
equals  the  voltage  across  the  capaci- 
tance,  when   the   circuit  is  in  reso- 
nance,  and  the  two  are  in  opposition,        bo 
each  may  reach  a  high  value,  even 

with  moderate  line  voltage.      This  is  illustrated  by  the  follow- 
ing example.  ^ 

Example. — A  circuit  has  a  resistance  of  20  ohms,  an  inductance  of  0.3 
henry,  and  a  capacitance  of  20  mt.  (a)  For  wliat  value  of  the  frequency  will 
the  circuit  be  in  reaonancd?  (6)  If  tiic  current  is  5  amp.  find  the  line  voltage, 
(c)  The  voltage  acroBs  the  inductance,      (d)  The  voltage  ajjross  the  eapaci- 


— Vector  diagram  tor 
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tance.     (c)  The  power  consumed  by  the  circuit.     Draw  a  vector  diagram  for 
the  circuit. 


(a)     /  = 


=  65  cycles.     Ans, 


2ir  \/a3~X  0.000020 

(h)  E    =  7/2  =  5  X  20  =  100  volts.     Ans, 

(c)  El  =  2ir/L/  =  6.28  X  65  X  0.3  X  5  =  612  volts.     Ans. 

(d)  Ec  =  //(2ir/C)  =  612  volts.     Ans, 

(e)  P    =  ^7  =  100  X  5  =  500  watts.     Ans, 

The  vector  diagram  is  shown  in  Fig.  38. 

It  will  be  observed  that  the  voltage  across  the  inductance 
and  that  across  the  capacitance  are  equal,  each  being  612  volts, 
or  more  than  six  times  the  line  voltage. 

It  should  be  noted  that  the  current  is  a  maximum  when  a 
series  circuit  is  in  reson^ance. 

21.  Parallel  Circuits. — In  practice,  parallel  circuits  are  more 
common  than  series  circuits,  because  of  the  extended  use  of  the 
multiple  system  of  transmission  and  distribution.    The  solution 


Ic  =  8a 


/j^«15a 


Fig.  39. — Alternating-current  parallel  circuit  and  vector  diagram. 


of  problems  with  two  or  more  loads  in  parallel  involves  the  find- 
ing of  the  current  in  each  branch  of  the  circuit  and  the  combining 
of  these  currents  vectorially  to  give  the  resultant  current. 
This  is  illustrated  by  the  following  example:      *    . 

A  resistance  of  10  ohms,  an  inductive  reactance  of  8  ohms  and  a  conden- 
sive  reactance  of  15  ohms  are  all  connected  in  parallel  acroas  120»volt, 
60-cycle  mains,  as  shown  in  Fig.  39  (a),  (a)  Find  the  total  cunrent.  (&) 
Determine  the  circuit  power-factor,     (c)  Determine  the  power. 


ALTERNATING-CURRENT  CIRCUITS  41 

The  current  taken  by  the  resistance 

120  * 

Ih  =  -TTT  =  12  amp.  in  phase  with  E, 

120 
II  =  —^  =  15  amp.  in  quadrature  with  E  and  lagging. 

120 
Ic  =  TF"  —    8  amp.  in  quadrature  with  E  and  leading. 
15 

These  currents  are  shown  vectorially  in  Fig.  39  (b). 

The  voltage  is  the  same  for  all  three  branches  of  the  circuit  and  is  laid 
off  as  the  horizontal  vector.  The  resistance  current  /a  is  in  phase  with 
the  voltage  E,  The  inductive  current  lags  the  voltage  by  90**  and  the 
condensive  current  leads  the  voltage  by  90**.  As  the  inductive  current  and 
condensive  current  are  in  exact  opposition,  they  subtract  from  each 
other,  leaving  7  amp.  lagging  by  90®.  The  resultant  current  /o  is  the 
vector  sum  of  the  7  amp.  and  the  12  amp. 

(a)  h  =  \/l2*  -f  7*  =  13.9  amp.  lagging.     Ans. 

(6)  Obviously  the  cosine  of  the.  angle  0  between  the  voltage  and  the 
current  is 

cos  d  =  ^  =  tI^  =  0.864  =  P.F.     Ans, 
Jo        lo.\f 

(c)  P  =  EIr  =  120  X  12  =  1,440  watts.     Ans. 
Also  P  =  Eh  cos  d  =  120  X  13.9  X  0.864  =  1,440  watts.     Ans. 

For  convenience  the  following  equations  are  given  for  the 
parallel  circuit. 


R  and  L  in  parallel 

Z  = 


RXl 


va)'-(i) 


2      VR^  +  Xl* 


/o=   =^ 


E 
Z 


R  and  C  in  parallel 

Z  = 


RXc 


va)-+(i) 


2     .      /   1    \  2  VSM^X? 

"     z 

B,  L,  and  C  in  parallel 

„  _  1  RXlXc 


'  .    /  1         1  \  '      y/XL^Xc^  +  /22(x^  _  Xc)2 


V(i)'+(iz-jfc) 


7    -^ 
where  Jo  is  the  total  current  and  E  is  the  circuit  voltage. 

22.  Resonance  in  a  Parallel  Circuit. — Resonance  in  a  parallel 
circuit  exists  when  the  resultant  current  and  the  line  voltage  are 
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in  phase  with  each  other.  Under  these  conditions  the  condensive 
current  must  be  equal  to  the  inductive  current.  These  two 
being  opposite  and  equal  balance  each  other,  leaving  only  the 
resistance  current.  This  is  illustrated  in  Fig.  40  (a).  E  is  the 
voltage  wave;  Ir  is  the  current  in  the  resistance;  II  is  the  current 
in  the  inductance;  Ic  is  the  current  in  the  condenser  and  is  equal 
to  7l.  As  the  inductive  current  lags  the  voltage  by  90°  and  the 
condensive  current  leads  the  voltage  by  90°,  they  are  in  direct 
opposition  and  being  equal,  they  balance.    This  leaves  only  Ir. 


h^i, 


•^E 


^& 


(6) 


l-Ti 


Fig.  40. — Resonance  in  a  parallel  circuit. 


Figure  40  (6)  illustrates  vectorially  these  circuit  conditions. 
It  will  be  observed  that  the  total  current  is  a  minimum  when  the 
parallel  circuit  is  in  resonance,  whereas  in  the  series  circuit, 
the  current  is  a  maximum  at  resonance.  In  the  parallel  circuit 
the  inductive  and  condensive  currents  are  opposite  and  equal; 
in  the  series  circuit  the  inductive  and  condensive  vdUages  are 
opposite  and  equal.  If  a  pure  capacitance  and  a  pure  induc- 
tance were  connected  in  parallel  and  adjusted  for  resonance, 
the  line  current  would  be  zero,  even  though  the  inductance  and 
condenser  were  each  taking  current. 
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Example. — A  resistance  of  12  ohms,  an  inductance  of  0.2  henry  and 
condeDBer  are  connected  in  parallel  across  120-volt,  60-cycle  maiuB.  Fi 
what  value  of  capacitance  will  the  circuit  be 

(Ic  mast  be  equal  to  7t 
7  120 

^       2r60  X  0.2 
/c  =  120  X  2ir60  X  C  =  1.59  amp. 


^  1.5 


=  35.2  mf.     Ans. 

In  the  parallel  circuit,  as  well  as  in  the  aeries  circuit,  LCoi'  = 
1,0  at  resonance   (w  =  2t/),  when  the  inductive  and  capacitive 
^^fanches  contain  only  pure  inductance  and  pure  capacitance. 

^^BAIso,  under  these  conditions  /  =  yr^^- 

^P  2WLC 

When  there  is  resistance  in  either  the  inductive  or  the  eon- 
densive  branch,  L  and  C  are  the  equivalent  inductance  and  capaci- 
tance of  the  parallel  circuit,  and  not  the  L  and  C,  respectively, 
of  the  inductance  and  capacitance  alone, 

23.  Polygon  of  Voltages ;  Three  Voltages, — The  inductances 
and  condensers  so  far  considered  have  been  assumed  as  perfect, 
that  is,  as  having  no  losses  and  with  their  currents  exactly  90° 
from  their  respective  voltages.  In  practice  this  is  impossible. 
The  wire  of  which  the  inductance  is  made  has  a  certain  resistance, 
and  if  an  iron  core  is  used,  the  core  losses  are  equivalent  to  an 
added  resistance,  since  they  involve  a  power  loss.  Condensers 
are  nmde  having  very  small  losses,  and  phase  angles  very  nearly 
equal  to  90°,  but  even  such  condensers  are  not  ideal. 

When  an  inductance  coil  is  being  considered,  its  resistance 
must  be  added  to  the  other  resistances  in  the  circuit,  in  order  to 
find  the  total  circuit  resistance. 

Figure  41  (o)  shows  a  series  circuit  connected  across  an  alter- 
nating voltage  E,  having  a  frequency  /.  This  circuit  contains  a 
resistance  R  and  an  impedance  coil  Z',  having  a  resistance  R' 
and  an  inductance  L.  The  reaotance  X'  of  the  impedance  coil 
is  equal  to  2irfL.  Figure  41  (b)  shows  the  vector  diagram  for 
this  circuit.  The  voltage  IR  is  in  phase  with  the  current  /, 
The  voltage  E/  across  the  impedance  coil  is  not  90°  ahead  of  the 
current,  but  leads  the  current  by  an  angle  0  which  is  less  than  90°, 
s  to  the  resistance  of  the  impedance  coil.     The  circuit  voltagp 
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E  is  the  vector  sum  of  IR  and  Ez\  The  impedance  voltage 
Ez'  consists  of  two  components,  IR'  in  phase  with  the  current 
and  IX'  in  quadrature  with  the  current.  Therefore,  the  projec- 
tion of  Ez'j  the  voltage  across  the  impedance,  on  the  current  / 
is  the  voltage  drop  due  to  the  resistance  of  the  impedance. 
Divide  this  projected  voltage  by  the  current  and  the  resistance  of 
the  impedance  coil  is  obtained. 


r- 


E 


I 


(a)  ih) 

Fig.  41. — Circuit  having  resistance  and  impedance  in  series,  and  vector  diagram. 

Figure  42  (a)  shows  a  series  circuit,  containing  a  non-inductive 
resistance  R  and  an  impedance  coil  Z'  in  series  across  the  voltage 
E.  Let  it  be  required  to  construct  the  vector  diagram  of  this 
circuit.  A  voltmeter  across  the  resistance  R  measures  the  voltage 
Er\  when  across  the  impedance  it  measures  the  voltage  E^' 
and  when  across  the  line  it  measures  the  voltage  E. 

To  construct  the  vector  diagram  of  this  circuit,  the  current 
vector  I  is  laid  ofif  horizontally,  as  shown  in  Fig.  42  (6).  The 
voltage  Er  is  laid  ofif  to  scale  in  phase  with  the  current  /;  from 
the  outer  end  of  Er  an  arc  is  swung  having  Ez'  for  its  radius. 
Then  from  0,  the  origin,  another  arc  is  swung  having  E  for  its 
radius.  Lines  drawn  from  the  end  of  Er  and  from  O  to  the 
intersection  of  the  arcs  complete  the  vector  diagram.  By 
trigonometry  the  angle  6,  the  circuit  power-factor  angle,  and  0, 
the  impedance  coil  power-factor  angle,  can  both  be  f oimd.  Know- 
ing these,  it  is  a  simple  matter  to  determine  the  power-factor  and 
the  power  of  the  circuit. 

Example, — A  resistance  and  an  impedance  coil  are  connected  in 
series  across  a  60-cycle  alternating-current  circuit,  Fig.  42  (a),  and  the 
current  is  4.0  amp.  The  voltage  across  the  resistance  is  found  to  be  60  volts, 
that  across  the  impedance  coil  80  volts,  and  the  line  voltage  is  1 10  volts.   Find : 
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(a)  llie  value  of  the  reaigtance.  (b)  The  circuit  power-factor  angle  §  and 
the  power-factor,  (c)  The  impedance^oil  power-factor  angle  ^  and  the 
corresponding  power-factor,  id)  The  circuit  power,  (e)  The  impedance- 
coil  power,  (f)  The  impedance-coil  reeiatance.  (j)  The  impedance-coil 
reactance. 

(a)  fi  -  Ek//  =  60/4  =  15  ohms.     Ana. 

(b)  Applying  the  law  of  cosines,  page  457,  to  Fig.  42  <&), 
80*  =  liO'  +  60'  -  2  X  110  X  60  COB  e 

9,300  _ 


0710  ^  =  0.533 

of  the  interior  angles  6  and 


(c)  By  the  law  of  sines,  page  457, 

aing  ^60 
sine      80 

^, -...«..§ 

p  -  32.2° 
Since  the  exterior  angle  •!>  is  equal  to  the 
0,  that  is 

*  -^  e+3 

4  =  45.2°  -I-  32.2°  -  77.4°.     Ans. 
cos  *  =  cos  77.4°  -  0.218.     Ans. 

(d)  The  circuit  power 

P  =  110X4Xcob8-=440x  0.704  =  310  watts.     Ant. 

(e)  The  impedance-coil  power 

P*  -  Ez-  X  /  X  cos  * 

■=  80  X  4  X  0.218  =  69.8  watts. 

(f)  I'R'  -  69.8 

If  =  ^  =  4.36  ohms.     Ans. 

(g)  The  reactance  voltage  in  the  impedance  coil 

£t'  -  80  sin  *  =  80  X  0.976  --  78.1  volts. 
—jr-  -  19.5  ohms  reactance.     Am. 
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24.  Polygon  of  Voltages;  Four  Voltages. — If  three  sides  of  a 
triangle  are  fixed,  the  triangle  itself  is  fixed  as  regards  both  its 
area  and  its  angles.  If  the  four  sides  of  a  polygon  are  given, 
however,  the  polygon  itself  is  not  determined.  In  order  to 
determine  the  polygon  definitely,  the  angle  included  between  two 
of  its  sides  must  be  known.  This  is  the  condition  which  exists 
when  there  is  resistance,  inductance  and  capacitance  in  a  series 
circuit.  These  three  voltages  and  the  line  voltage  give  four 
voltages  which  in  themselves  make  an  indeterminate  polygon. 
If  the  angle  between  two  of  these  voltages  is  known,  the  polygon 
and  its  angles  are  completely  determined. 


Am 


•^I 


Fig.  43. — Polygon  of  voltages  for  series  circuit  containing  resistance,  inductive 

impedance  and  capacitance. 

This  is  illustrated  in  Fig.  43,  in  which  resistance,  impedance 
and  capacitance  are  all  connected  in  series  and  the  current  / 
flows  in  the  circuit.  Assume  that  the  condenser  power-factor  angle 
is  90°,  which  is  practically  the  case  in  most  commercial  condensers. 
This  constitutes  the  angle  which  determines  the  polygon  of  voltages. 
Along  I  lay  ofif  Er  to  scale.  Fig.  43  (6).  Ninety  degrees  behind  / 
lay  ofif  Ec  to  scale.  Add  these  two  vectorially  giving  ^^  jj^g 
+  fJc.  From  the  end  of  E'  swing  upward  the  vector  JB/  and 
from  0  swing  the  line  voltage  E.  Complete  the  polygon  where 
these  two  arcs  intersect.  Then  from  0  again  draw  jB/  parallel  to 
the  Ez'  swung  from  the  end  of  E\ 

It  will  now  be  seen  that 
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That  is,  the  vector  sum  of  the  three  voltages  is  equal  to  the  line 
voltage,  which  condition  exists  in  the  circuit. 

Example. — A  resistance,  an  impedance  coil  and  a  condenser  are  all  con- 
nected in  series.  The  voltage  across  the  resistance  is  80  volts;  that  across 
the  impedance  coil  is  70  volts;  that  across  ijie  condenser  is  90  volts  and  the 
line  voltage  is  120  vplts.  A  current  of  5  amp.  flows  in  the  circuit  and  the 
condenser  current  leads  its  voltage  by  90°.  Determine:  (a)  The  cir- 
cuit power-factor  angle  0.  (6)  The  resistance  and  reactance  of  the  impe- 
dance coil. 

The  voltage  polygon  is  shown  in  Fig.  44. 

(a)  E'  =  V90*  +  80'  =  Vii^SOO  =  120.5  volts 

90 


tan  «  ~  i^  =  1.125 


a 


=  48* 


/  =5.0a 


£;z'=TOV. 


Efj=.WY.  Efj-\-Eji  =120. 5V. 

Fig.  44. — Polygon  of  voltages  for  alternating-curt'ent  series  circuit. 


Applying   the  law   of  cosines  to   triangle  oah^    70*  =  120.5*  +  120* 

2  X  120.5  X  120  cos  j8. 

24,000 


cos  /3  = 


=  0.8305 


28,900 
/3  =  33.8° 

^  =  a-/3  =  48°-  33.8°  =  14.2° 
COS  14.2°  =  0.969  (current  leads). 

(6)  The  distance   od  =  120  cos  d  =  120  X  0.969  =  116.4  volts,     oc  = 

c'dj  since  oc  is  the  projection  of  oe  on  od  and  c'd  is  the  projection  of 

ab  on  od  and  ab  is  equal  and  parallel  to  oe. 

Therefore: 

oc  =  od-  80  =  116.4  -  80  =  36.4  volts. 

36.4/5  =  7.28  ohms  resistance  in  impedance  coil.     Ana. 


ce^  =  70 


2    _ 


36.4^ 


ce  =  -\/3,580  =  59.8  volts. 
— ^  =  11.96  ohms  reactance  in  impedance  coil.     Ana. 
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26.  Polygon  of  Currents. — Obviously,  if  the  resistances,  im- 
pedances, etc.  are  in  parallel,  the  voltage  is  the  same  for  each 
branch  of  the  circuit,  but  the  respective  currents  may  differ. 
Therefore,  the  polygon  is  composed  of  currents  rather  than  of 
voltages.  Figure  45  (a)  shows  a  circuit  consisting  of  resistance, 
inductive  impedance  and  capacitance  all  in  parallel.  Assume 
that  the  condenser  current  is  in  quadratiu'e  with  its  voltage. 
Figure  45  (6)  then  represents  the  polygon  of  currents.  The 
voltage  Ey  being  common,  is  laid  off  horizontal.  The  current  Ir 
is  laid  off  in  phase  with  E  and  the  current  Ic  leads  E  by  90^. 


^E 


Fig.  45. — Parallel  circuit,   consisting  of  resistance,  inductive  impedance  and 

capacitance  all  in  parallel,  with  vector  diagram. 

These  two  are  combined  to  obtain  /'.  From  the  outer  end  of  /', 
Iz  is  swung  to  meet  /  which  is  swung  from  0.  This  completes 
the  polygon,  which  is  similar  to  those  shown  in  Figs.  43  and  44, 
except  that  the  vectors  are  currents  instead  of  voltages. 

26.  Energy  and  Quadrature  Currents. — Figure  46  shows  the 
vector  diagram  for  a  load  connected  across  alternating-current 
mains.  This  load  is  typical  of  most  commercial  loads,  except 
incandescent  lamps.  It  takes  a  current  /,  lagging  the  voltage  E 
by  6  degrees.  The  current  /  may  be  resolved  into  two  com- 
ponents, ii  in  phase  with  the  voltage  and  u  in  quadrature  with 
the  voltage.    Obviously  I  is  the  vector  sum  of  ii  and  ti. 

The  power  taken  by  the  load  is 

P  =  EI  cos  6 
but  /  cos  6  =  ii 

Therefore  P  =  Eii 
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ti  13  called  the  energy  component  of  the  current,  because  thi 
component  multiplied  by  the  voltage  gives  the  circuit  power. 

The  component  ia  is  in  quadrature  with  the  voltage  and  ca. 
contribute  no  power  therefore,  fj  is  called  the  quadrature  a 
wattless  component  of  the  current. 


I 


Tio.  4B. — Energy  and  guadrature  currenta. 


If  this  load  is  being  supplied  over  a  transmission  line,  the  line 
loaa  is  proportional  to 

where  R  is  the  transmission  line  resistance. 

It  will  be  observed  that  the  quadrature  component  produces 
line  loss,  yet  contributes  no  power  to  the  load.  Therefore,  it 
is  ordinarUy  desirable  to  make  ii  as  small  as  passible  or,  in  other 
words,  have  the  system  operate  at  a  high  power-factor.  For 
example,  when  B  =  45",  P.F.  =  0.707,  the  energy  and  quadrature 
currents  are  equal.  Therefore,  the  quadrature  current  con- 
tributes as  much  to  the  line  loss  as  the  energy  current  does,  but 
it  contributes  nothing  to  the  power  supplied  to  the  load. 

Example. — A  transmiaaion  line,  Fig.  47  {a),  auppliea  50  kw.  at  220  volts, 
fflngle-phase,  to  a  load  having  a  power-factor  of  D.GO,  lagging  current.     £ach 


I 
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(a) 

jergy  and  nuadra 


wire  has  a  reaiatance  of  0.02  ohm.  Find:  (a)  The  energy  current.  (6)  The 
quadrature  current,  (c)  The  line  loaa  due  to  the  energy  current,  (d)  The 
line  loaa  due  to  the  quadrature  current,  (e)  The  total  hne  loss,  (f)  The  Hue 
which  would  oiiat  if  the  load  power-factor  were  unity. 
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The  total  current 

r  60,000  ^-^ 

(a)  ii  =  379  cos  d  =  379  X  0.6  =  227  amp.     Ana, 
(h)  12  =  379  sin  d  =  379  X  0.8  =  303  amp.     Ana. 

(c)  ii*  X  0.04  =  2,070  watts.     Ana, 

(d)  ii^  X  0.04  =  3,680  watts.     Ana, 

(e)  /*  X  0.04  =  5,760  watts.     Ana. 

if)  If  the  power-factor  of  the  load  were  imity,  the  quadrature  current  ij 
would  be  zero  and  the  line  current  /  =  ti. 

Therefore  the  loss  would  be 

/*  X  0.04  =  2,070  watts.    Ana. 

In  this  particular  case,  the  line  loss  due  to  the  quadratiu^ 
current  is  considerably  in  excess  of  that  due  to  the  energy  current, 
yet  the  quadrature  current  contributes  no  power  to  the  load. 

From  the  foregoing  it  must  not  be  inferred  that  the  energy  and 
quadrature  currents  exist  separately.  Only  one  current  actually 
flows,  but  this  current  is  resolved  into  two  components,  each  of 
which  produces  different  effects  in  the  circuit.  The  effect  of 
each  component  can  then  be  studied,  resulting  in  a  much  better 
imderstanding  of  the  circuit  relations  than  if  an  attempt  were 
made  to  consider  the  current  as  a  whole. 


CHAPITER  III 

ALTERMATING-CURBENT  INSTRUMENTS  AND 
MEASUREMENTS 

ELECTRO-DYNAMOMETER  TYPE  INSTRnMENTS 

37.  The  Siemens  Djnamometer. — Several  types  of  altemat- 
ing-ciirrent  instrumeuts  operate  on  the  electro-dynamometer 
principle.  Thp  Siemens  dynamometer,  Fig.  48,  ia  an  example 
of  this  type  of  instrument  in  simple  form.  It  consists  primarily 
of  two  sets  of  coils.  The  coil  F  is  fixed  and  the  coil  M,  whose 
aria  is  at  right  angles  to  the  axis  of 
F,  is  free  to  turn  through  a  small 
angle.  M  is  suspended  by  a  silk 
thread  and  its  turning  moment  is 
opposed  by  a  helical  spring.  Current 
is  led  into  the  moving  coil  through 
two  mercury  cups. 

When  used  as  an  ammeter,  the  two 
coils  are  wound  with  a  few  turns  of 
coarse  wire  and  are  connected  in 
series.  When  current  flows  through 
these  coils,  there  is  a  tendency  for  \hi.'. 
moving  coD  to  swing  into  the  plane 
of  the  fixed  coil.  When  the  cuiTent  ^'■"^'  4S.— sipmena  dynn- 
reverses,  it  reverses  m  the  two  coils 

simultaneously  so  that  the  torque  Ls  always  in  the  same  direc- 
tion. The  movable  coil  is  not  allowed  to  deflect,  however,  but 
is  kept  in  its  zero  position  by  turning  the  knurled  head  at  the 
top  of  the  instrument  which  acts  on  the  coil  through  the  spring. 
The  angle  by  which  it  is  necessary'  to  turn  this  head  is  pro- 
portional to  the  turning  moment  of  the  coil.  The  turning 
moment  is  proportional  to  the  current  squared,  so  that  the  deflec- 
tion of  the  index 

D  =  KP 
where  A^  is  a  constant. 
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The  current 

/  =  K'VD  (27) 

where  K'  =  1/VK 

Ab  the  deflections  are  proportional  to  the  square  of  the  current, 
the  instrument  gives  effective  values  when  equation  (27)  is 
appUed.  It  therefore  reads  correctly  for  both  alternating  and 
direct  currents.  When  direct  current  is  used,  it  is  advisable  to 
reverse  the  direction  of  the  current  and  average  the  set  of  read- 
ings.   This  eliminates  the  effect  of  stray  fields. 

This  type  of  instrument  is  difficult  to  adjust  and  to  manipulate, 
especially  when  the  current  fluctuates.  It  is  not  direct  readii^ 
and  because  of  its  construction  is  adapted  to  laboratory  work 
only. 

If  small  wire  be  substituted  for  the  coarse  wire  and  an  exten- 
sion coil  be  connected  in  series,  the  instrunient  can  be  used 
as  a  voltmeter. 

28.  The  Indicating  Electro-dynamometer. — As  it  is  neither 
portable  nor  direct  reading,  the  Siemens  dynamometer  itself  is 
not  adapted  to  portable  and  to 
switchboard  instruments. 
However,  many  types  of  port- 
able and  switchboard  instru- 
ments operate  on  the  Siemens 
dynamometer  principle.  The 
general  construction  of  a  port- 
able type  of  electro-dyna- 
mometer instrument  is  shown 
in  Fig.  49. 

Two  fixed  coils,  FF',  are  so 
connected  that  their  magnetic 
fields  act  in  conjunction.  These 
coils  may  be  considered  as  being 
two  parts  of  a  single  coil,  opened 
in  the  middle  to  allow  the  spin- 
dle of  the  moving  coil  to  pass 
through. 

M  ia&  movable  coil  mounted  on  a  vertical  spindle.  There  is  a 
hardened  steel  pivot  at  each  end  of  the  spindle,  which  turns  in 
jewelled  bearings.    Two  spiral  springs  similar  to  those  used  in 


Fio.  49. — Principle  of  the  electro- 
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direct-current  instruments  (see  Vol.  I,  page  129,  Fig,  117)  oppose 
the  turning  of  coil  M  and  at  the  same  time  carry  the  current  into 
the  coil.  As  the  springs  can  carry  but  a  very  small  current,  the 
movable  coil  is  wound  with  fine  wire. 

Assume  that  at  some  instant  the  direction  of  the  magnetic 
field  01,  which  is  due  to  the  fixed  coUs,  is  from  left  to  right.  At 
the  same  instant  the  current  in  coil  M  produces  a  field  (fit  whose 
direction  is  along  the  axis  of  M.  Coils  tend  to  so  align  themselves 
that  the  number  of  magnetic  linkages  in  tho  system  is  a  maximum. 
Therefore,  the  moving  coil  M  tends  to  turn  in  a  clockwise  direc- 
tion so  that  its  field  will  act  in  conjunction  with  ijn.  The  turn- 
ing of  Af  is  opposed  by  the  control  springs. 

Obviously  the  torque  developed  is 
proportional  to  ^i,  ^i]  and  sin  0, 
where  ^  is  the  angle  between  the  axis 
of  coil  M  and  the  axis  of  coils  FF'. 
As  tfi  and  iji^  are  proportional  to  the 
currents  in  the  coils  FF'  and  M  re- 
spectively, the  torque  is  proportional 
to  the  product  of  the  two  currents 
and  sin  0. 

29.  The  Electro-dTnamometer  Volt- 
meter.— Some  types  of  alternating- 
current  voltmeter  operate  on  the 
electro-dynamometer  principle.  The 
fixed  coils  FF',  Fig.  50,  are  wound 
with  fine  wire  and  ars  connected  in 
series  with  the  moving  coil  M.  A 
high  resistance  R  is  connected  in 
series    with     the     dynamometer    to 

limit  the  current  when  the  instrument  is  connected  across  the 
line.  The  current  passing  through  the  dynamometer  is  therefore 
proportional  to  the  Une  voltage.  The  current  passing  through 
the  instrument  causes  coil  M  to  turn  and  the  pointer  attached  to 
it  moves  over  a  scale  graduated  in  volts.  The  scale  5fil}.  nut  !je 
divided  uniformly  like  that  of  the  direct-current  voltmeter,  for 
the  deflections  are  very  nearly  proportional  to  the  spiare  of  the 
voltage.  The  divisions  at  the  lower  part  of  the  scale  are  so  small 
that  poor  precision  is  obtained.     The   divisions  at  the  middle 
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and  upper  portions  of  the  scale,  however,  are  usually  of  such 
magnitude  that  they  may  be  read  with  a  high  degree  of  precisian. 

This  dynamomet-er-type  of  voltmeter  takes  about  five  times  as 
much  current  as  a  direct -current  voltmeter  of  the  same  rating  and 
consumes  an  appreciable  amount  of  power.  Aa  the  moving  coil 
operates  in  a  comparatively  weak  field,  this  type  of  instrument 
ia  very  susceptible  to  stray  fields.  Unless  the  instrument  is 
shielded,  wires  carrying  currents,  inductive  apparatus  and  even 
iron  alone,  if  brought  too  near,  may  cause  large  errors  in  the 
indications  of  this  type  of  voltmeter. 

This  instrument  may  be  used  for  direct  current  as  well  as 
for  alternating  current.  Reversed  direct-current  readings  should 
be  taken  in  order  to  eliminate  the  effect  of  the  earth's  field  and 
of  any  other  stray  fields.  As  the  deflections  depend  upon  the 
square  of  the  voltage,  the  instrument  reads  effective  values. 

30.  Inclined-coil  Voltmeters. — The  inclined-coil  type  of  volt- 
meter operates  on  the  dynamometer  principle.     It  differs  from  the 


Fio.   51. — General  Eipctne  mclined-coil  iustrument. 


previous  types  only  in  the  geometrical  relations  of  ita  fixed  and 
moving  coila.     The  axis  of  the  fi.\ed  coil.  Fig,  51,  is  set  at  a  co^ 
siderable  angle  with  the  vertical.     The  axis  of  the  moving  c 
makes  a  considerable  angle  with  the  spindle.     This  moving  a 
is  connected  in  series  with  the  fixed  coil,  the  current  being  cat 
to  the  moving  coil  through  light  springs.     A  resistance  to  I 

the  current  is  connected  in  series  with  the  instrument.  

When  the  pointer  ia  at  the  zero  position  there  is  a  considerable 
angle  between  the  axes  of  the  fixed  and  the  moving  coils.  WhC* 
eurrent  flows  through  the  instrument,  the  moving  coil  tends  *^ 
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take  such  a  position  that  its  axis  coincides  with  the  axis  of  the 
fixed  coil,  so  that  their  magnetic  fields  act  in  conjunction.  In 
turning,  the  moving  coil  ia  opposed  by  flat  spiral  springs.  The 
scale  is  calibrated  in  volts. 

As  this  instrument  is  of  the  djmamometer  type,  its  scale  read- 
ings hold  for  both  direct  and  alternating  currents, 

31.  Djmamometer  Ammeters.^Owing  to  the  difBcidty  of 
leading  a  heavy  current  into  the  moving  coil,  dynamometer 
ammeters  of  the  portable  type  and  of  the  switchboard  type  are 
not  common.  If  might  appear  that  this  type  of  instrument 
could  be  devised  for  use  with  a  shunt,  which  would  allow  but  a 
small  portion  of  the  total  current  to  pass  through  the  moving 
coil.  This  involves  two  difficulties.  Alternating  currents  divide 
inversely  as  the  circuit  impedances.  Impedances  are  determined 
by  the  frequency.  Unless  the  ratio  of  inductance  to  resistance 
were  the  same  in  the  shunt  as  in  the  moving  coil,  the  instrument 
would  be  correct  at  only  one  frequency  and  might  be  in  consider- 
able error  with  an  irregular  wave  shape  owing  to  the  presence  of 
higher-frequency  harmonics.  There  would  also  be  a  considerable 
voltage  drop  across  such  a  shunt. 

Instruments  of  the  dynamometer  type,  in  which  the  above 
difficulties  are  in  part  overcome,  are  available,  but  the  iron-vane 
type  of  instrument  described  in 
Par.  34  is  so  much  simpler  and 
less  expensive  that  the  shunted 
type  is  little  used. 

32.  The  Wattmeter.— Alter- 
nating-current power  is  equal 
to  the  product  of  the  effective 
current  and  the  effective  volt- 
age only  when  the  power-factor 
is  unity.  Therefore,  the  am- 
meter and  voltmeter  method, 

as  used  with  direct  currents,  can  seldom  be  used  to  measure 
alternating-current  power.  Consequently,  a  wattmeter  is  neces- 
sary for  measuring  alternating-current  power. 

The   wattmeter  shown  in  Fig-   52  operates  on   the  electro- 
dynamometer  principle,     M  is  a  moving  coil  wound  with  fine 
and  is  practically  identical  with  the  moving  coil  of  the  dyna- 


^nre. 


56  ALTERNATING  CURRENTS 

mometer  voltmeter,  Fig.  50.  It  is  connected  across  the  line  in 
iv^rif.-^  with  a  high  resistance  R.  The  current  is  led  into  this  coO 
throf iish  springs.  The  two  fixed  coils  FF  are  wound  with  a  few  turns 
of  heavy  wire,  capable  of  carrying  the  load  current.  As  there  is  no 
iron  present,  the  field  due  to  the  current  coils  FF  is  proportional 
to  the  load  current  at  every  instant.  The  current  in  the  moving 
coil  M  w  proportional  to  the  voltage  at  every  instant.  There- 
fore, for  any  given  position  of  the  moving  coil,  the  torque  is 
prr>portional  at  every  instant  to  the  product  of  the  current  and 
volt,age  or  to  the  instantaneous  power  of  the  circuit.  If  the 
priwer-f actor  is  other  than  unity,  there  is  negative  torque  for  part 
of  the  cycle.  That  is,  during  the  periods  when  there  are  negative 
IrjopH  in  the  power  curve.  Fig.  21,  page  24,  the  current  in  the 
fijurri  ctmI  and  the  current  in  the  moving  coO  reverse  tlieir  direc- 
tion><  with  respect  to  each  other,  and  so  produce  a  negative  torque. 
T\if',  moving  coil  takes  a  position  corresponding  to  the  average 
U»rt\nt'..  The  torque  is  also  a  function  of  the  angle  between  the 
iixfA  and  moving  coil  axes,  but  this  factor  is  taken  into  account 
hy  t.h/r  w;ale  calibration. 

A>  th';  tor(|iic  acting  on  the  moving  coil  varies  from  instant  to 
JfjLfctarjt,  having  a  frequency  twice  that  of  either  the  current  or 
t>jL4r  voltage,  the  coil  tends  to  change  its  position  to  correspond 
wjrh  th^rwi  variations  of  torque.  If  the  moving  system  had  Uttle 
jijL<-ii.ia,  the  needle  would  vibrate  so  that  it  would  be  impossible 
i/j  ot/taiii  a  reafling.  Because  of  the  relatively  large  moment  of 
hx*inhi  of  tlje  moving  system,  the  needle  assumes  a  steady 
defi<-.clioij  for  constant  values  of  average  power.  The  position 
t4ik<-jj  by  i\iit  coil  corresponds  to  the  (werage  value  of  the  power, 
which  i«  the  rcHult  desired. 

it  should  \Mi  uoUhI  in  Fig.  52  that  the  voltage  terminal  marked 
"O"  is  iycmnacUtd  directly  to  one  end  of  the  moving  coil.  This 
terminal  always  should  be  connected  directly  to  that  side  of  the 
line  to  which  the  current-coil  is  connected.  The  fixed  and  movins 
coils  are  then  at  the  same  potential.  If  the  moving  cofl  is 
connected  to  the  other  side  of  the  line,  the  potential  differenos 
between  the  fixed  and  moving  coils  is  equal  to  the  full  line  potes- 
ti$lp  88  shown  in  Fig.  53.  In  this  diagram,  the  fixed  coils  are  coo- 
md  aa  being  at  zero  or  ground  potential.  The  moving  cofl  is 
t  the  potential  of  the  other  side  of  the  line,  or  550  voltSy 
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and  this  is  the  difference  of  potential  which  exists  between  the 
fixed  and  moving  coils.  This  is  dangerous  from  the  insulation 
standpoint,  and  electrostatic  forces  existing  between  the  fixed 
and  the  moving  coils  may  cause  an  error  in  the  instrument  read- 
ing.    (The  wattmeter  is  also  briefly  described  in  Vol.  I,  Chap.  VII.) 


I 


FiQ.  SS.^Incorrect  nietlmd  for  conueoung 


33.  Wattmeter  Connections. — In  Fig.  54  (a),  wattmeter  W  ia 
shown  measuring  the  power  taken  by  a  certain  load.  In  order 
to  measure  this  power  correctly,  the  wattmeter  curren(-coil  should 
carry  the  load  current,  and  the  wattmeter  voltage-coil,  in  series 
with  its  resistance,  should  be  connected  directly  across  the  load. 


The  current  in  the  wattmeter  current-coil  is  the  same  as  the 
i  current,  but  the  wattmeter  potential-circuit  is  not  connected 
directly  across  the  load,  but  is  measuring  a  potential  in  excess  of 
the  load  potential  by  the  amount  of  the  impedance  drop  in  the 
wattmeter  currcnt-coO.  Therefore,  the  wattmeter  reads  too 
high  by  the  amount  of  power  consumed  in  its  own  current-coil. 
Under  these  conditions  the  true  power 
P  =  /"  -  PR, 
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where  P'  is  the  power  indicated  by  the  wattmeter,  /  is  the  current 
in  the  wattmeter  current-coil,  and  Re  is  the  resistance  of  this  coil. 
This  loss  is  ordinarily  of  the  magnitude  of  1  or  2  watts  at  the 
rated  current  of  the  instrument,  and  may  often  he  neglected. 
If  the  wattmeter  be  connected  as  shown  in  Fig.  54  (b), 
wattmeter  potential -circuit  is  connected  directly  across  the  load, 
but  the  wattmeter  current-coil  carries  the  potential-coil  current  in 
addition  to  the  load  current.  In  fact,  the  wattmeter  potential- 
circuit  may  be  considered  as  being  a  small  load  connected  in 
parallel  with  the  actual  load  whose  power  is  to  be  measured. 
Therefore,  the  power  consumed  by  this  potential -circuit  must 
be  deducted  from  the  wattmeter  reading.  The  true  power  taken  ■ 
by  the  load, 

P  =  P'  _  EyR^ 

where  P'  is  the  wattmeter  reading,  E  the  load  voltage  and  Rp  the' 
resistance  of  the  wattmeter  potential-coil  circuit. 

An  idea  of  the  magnitude  of  this  correction  may  be  obtaine 
from  the  following  example.  ' 


Example.— 


I 


—A  certain  wattmeter  indicat«H  157  watts  when  it  is  conneoll 
T  ahowM  ill  Fig.  54  (6).     The  lino  voltage  is  120  volts  and  H 
f  the  wattmeter  potential-circuit  ia  2,000  ohma.     How  mni 
power  is  taken  by  the  load? 

P  =  167  -  120V2,000  =  157  -  7.2  =  149.8  watts. 

It  will  be  observed  tbat  a  considerable  percentage  error  would 
rwsult  in  this  case  if  the  wattmeter  loss  were  neglected. 

The  Weston  Electrical  Instrument  Co.  manufactures  an; 
instrument  which  compensates  for  this  loss.  A  small  auxiliary! 
coil,  connected  in  series  with  the  moving-coil  system,  is  int^p^ 
wound  with  the  fixed  coils  so  that  a  small  counter-torque  i 
exerted,  this  counter-torque  being  proportional  to  the  j 
consumed  by  the  potential  circuit. 

The  current-  and  potential-circuits  of  a  wattmeter  must  eaeb  ■ ' 
have  a  rating  corresponding  to  the  current  and  voltage  of  the 
circuit  to  which  the  wattmeter  is  connected.     A  wattmeter  is 
rated  in  amperes  and  volts,  rather  than  in  watts,  because  tba 
indicated  watts  show  neither  the  amperes  in  the  current-coil  b 
the  voltage  across  the  potential-circuit. 

If  the  current  in  an  ammeter  or  the  voltage  across  a  voltmc^ 
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exceed  the  rating  of  the  instrument,  the  pointer  goes  off  scale 
and  so  warns  the  user.  A  wattmeter  may  be  considerably  over- 
loaded and  yet  the  load  power-factor  be  so  low  that  the  needle  is 
weD  on  the  scale.  For  this  reason  a  voltmeter  and  an  ammeter 
should  ordinarily  be  used  in  conjunction  with  a  wattmeter  so 


L 
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Pio.  55. — Wattmeter,  ammeter  and  voltmeter  conneotions  tor  measuring  power. 
that  it  is  possible  to  determine  whether  either  the  voltage  or  the 
current  exceeds  the  wattmeter  rating. 

Corrections  for  the  power  taken  by  ammeters  -and  voltmeters 
are  often  necessary.  For  example,  in  Fig.  55  the  I^R  loss  of  the 
ammeter  and  the  E^/R  loss  of  the  voltmeter  must  be  deducted 
from  the  wattmeter  reading, 
in  addition  to  the  wattmeter 
potential  loss.  The  ammeter 
reads  too  high  by  the  current 
taken  by  the  voltmeter.  This 
voltmeter  current  must  be 
subtracted  vectorially  irom  the 
ammeter  reading  in  order  to 
obtain  the  true  load  current.  J 

Polyphase  Waitmi 
Ordinarily,  it  requires  two  or 
more  wattmeters  to  measure 
the  total  power  of  a  two-phase 
or  a  three-phase  circuit.  If 
the  load  fluctuates,  it  is  diffi- 
cult to  obtain  accurate  simul- 
taneous readings  of  two  wattmeters.  At  power-factors  less  than 
0.5,  in  a  three-phase  circuit,  one  of  the  wattmeters  reverses  its 


Fio.  66. — Interior  view,  Weston  poly- 
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reading.  (See  page  91,  par.  48.)  This  necessitates  reversing 
the  connections  of  one  of  the  instruments,  which  is  often  incon- 
venient. If  both  wattmeters  be  combined  in  one,  that  is,  if  both 
moving  coils  be  momited  on  the  same  spindle,  the  turning 
moments  for  each  element  add  or  subtract  automatically,  and 
the  total  power  is  read  on  a  single  scale. 


Fig.  57. — Connections  for  polsrphase  wattmeter  on  3-pha8e  circuit. 

Figure  66  shows  the  construction  of  a  Weston  polyphase  watt- 
meter in  which  the  two  elements  are  clearly  shown.  Figure  57 
shows  one  method  for  connecting  a  polyphase  wattmeter  in  a 
three-phase  circuit. 
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Fig.  68. — Connections  for  calibrating  a  wattmeter. 

Although  it  is  often  more  convenient  to  use  a  polyphase  watt- 
meter, two  single  instruments  are  better  adapted  to  precision 
work,  as  there  is  no  mutually  inductive  action  between  the  ele- 
ments of  the  instruments  such  as  may  occur  between  the  elements 
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of  a  polyphase  instrument.  With  two  individual  instruments, 
it  ia  a  simple  matter  to  apply  scale  corrections. 

Wattmeter  Calibration. — A  dynamometer-wattmeter  is  ordi- 
narily calibrated  with  direct  current,  the  connections  for 
calibration  being  shown  in  Fig.  58.  The  voltage  across  the 
potential-circuit  is  measured  withastandarddirect-currentvoll- 
meter.  The  current  is  accurately  measured  by  means  of  a 
potentiometer,  although  a  standardized  direct-current  ammeter 
is  often  sufficiently  accurate.  Both  the  current  and  the  po- 
tential are  reversed  at  each  reading  so  as  to  eliminate  the  effect 
of  the  earth's  field  or  of  any  stray  field.  The  true  power  in  watts 
is  given  by  the  product  of  the  current  and  the  voltage,  as  direct 
current  is  used. 

mOH-VAHE  IHSTRUMENTS 

34.  Voltmeters.^In  Vol.  I,  Chap.  VII,  it  was  pointed  out  that 

instrumentsdependingupon  the  solenoid  action  of  an  iron  plunger 
were  not  satisfactory  as  ammeters. 
By  the  use  of  light  iron  vanes,  jew- 
elled bearings,  etc.,  satisfactory  types 
of  commercial  alternating-current 
instruments,  based  on  the  principle  of 
magnetized  iron,  have  been  developed. 

One  such  type  of  instrument,  manu- 
factured by  the  Weston  Electrical 
Instrument  Co.,  is  shown  in  Fig.  59. 

A  small  strip  of  soft  iron,  .1/,  bent 
into  cylindrical  form,  is  mounted 
axially  on  a  spindle  which  is  free  to 
turn.  Another  similar  strip,  F,  which 
is  more  or  less  wedge-shaped,  and  with 
a  larger  radius  than  M,  is  fixed  inside 
a    cylindrical    coil.     The    cylindrical 

coO  is  wound  with  fine  wire  and  is  connected  in  series  with 
a  high  resistance.  When  connected  across  the  line,  the  current 
through  the  instrument  is  substantially  proportional  to  the  cir- 
cuit voltage.  When  current  flows  through  this  exciting  coil, 
both  iron  vanes  become  magnetized.  The  upper  edges  of  the 
two  strips  will  always  have  the  same  magnetic  polarity,  and  the 
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lower  edges  will  always  have  the  same  magnetic  polarity,  but 
when  the  upper  edges  are  north  poles,  the  lower  edges  are  south 
poles.  Therefore,  there  will  always  l>e  a  repulsion  between  the 
two  upper  edges,  and  also  between  the  two  lower  edges  of  the 
iron  strips.  This  repulsion  tends  to  move  the  spindle  against 
the  action  of  two  springs.  A  pointer  mounted  on  the  spindle 
moves  over  a  graduated  scale  and  indicates  the  voltage. 

This  type  of  instrument  can  be  used  for  direct  current  with  a 
precision  of  1  or  2  per  cent.  Its  obvious 
advantages  are  its  simplicity,  its  cheap- 
ness, and  the  fact  that  there  is  no  current 
carried  to  the  moving  element.  When 
carefully  calibrated,  a  precision  of  0.5  per 
cent.,  and  better,  can  be  obtained  with 
alternating  current.  This  type  of  instru- 
ment cannot  be  calibrated  accurately 
with  direct  current  on  account  of  the 
effect  of  hysteresis  on  the  vanes.  It 
■  should  be  calibrated  by  comparison 
™  with    an    alternating-current    standard. 

Air  damping  la  obtained  by  the  use  of  a  light  aluminum  vane 
moving  in  a  restricted  space. 

The  iron-vane  principle  has  been  applied  to  the  inclined-coil 
type  of  instrument.  A  small  iron  vane,  mounted  obliquely  on  the 
spindle.  Fig.  60,  replaces  the  inclined  moving  coil  of  Fig.  51 ,  page  54. 
When  the  pointer  is  at  zero,  this  vane  lies  at  an  angle  to  the  coil 
axis,  aa  at  a,  Fig.  60.  When  current  flows  in  the  coil,  the  vane 
attempts  to  take  such  a  position  that  the  direction  of  its  axis 
shall  coincide  with  that  of  the  magnetic  field,  which  acts  along 
the  coil  axis.  This  position  is  shown  at  b,  Fig.  60.  The  vane  m 
seeking  this  position  turns  the  spindle  which  carries  the  pointer. 
The  turning  moment  is  opposed  by  springs.  In  the  later  models, 
the  coils  of  these  instruments  are  surrounded  by  iron  laminations 
which  shield  them  from  stray  fields.  In  the  cheaper  models,  air 
damping  is  used,  being  obtained  by  a  light  aluminum  vane 
attached  to  the  moving  element.  The  more  expensive  models 
employ  magnetic  damping,  such  as  is  used  with  watthour  meters, 
a  light  aluminum  vane  moving  between  the  poles  of  perma- 
nent magnets. 
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36.  Ammeters. — Owing  to  the  difficulty  of  carrying  any  except 
the  smallest  currents  into  the  moving  system  of  dynamometer 
instruments,  iron-vane  ammeters  are  practically  the  only  type 
used  for  commercial  instruments.  The  Weston  iron-vane 
ammeter  operates  on  the  same  principle  as  the  iron-vane  volt- 
meter, Par.  34.  The  magnetizing  coil  in  the  ammeter  is  wound 
with  a  few  turns  of  heavy  wire  instead  of  with  the  lai^e  number 
of  turns  of  fine  wire  used  with  the  voltmeter. 

The  General  Electric  Co. 'a  inclined-coil  ammeter  is  of  the 
same  construction  as  the  voltmeter,  except  that  the  coil  is  wound 
with  coarse,  instead  of  with  fine,  wire.     (See  Fig.  60.) 

36.  Hot-wire  Instruments. — This  type  of  instrument,  described 
in  Vol.  I,  Chap.  VII,  page  136,  reads  equally  well  on  both  direct- 
and  alternating-current  circuits.  As  its  deflection  depends  upon 
the  square  of  the  current  (PR  loss)  the  hot-wire  instrument  can 
be  used  as  a  transfer  from  alternating  to  direct  current  and  vice 
versa.    This  type  of  instrument  lacks  high  precision. 

37.  Alternating -current  Watthour  Meter.— The  direct-current 
watthour  meter  can  be  used  with  alternating  current,  as  the 
reversal  of  line  voltage  reverses  both  its  armature  and  its  field 
current  simultaneously  and  the  direction  of  the  torque  remains 
unchanged.  At  low  power-factors,  however,  considerable  error 
may  be  introduced  by  the  inductance  of  the  armature  circuit. 
This  causes  the  armature  current  to  lag  the  line  voltage  by  a 
small  angle  and  although  this  has  negUgible  effect  at  or  near 
unity  power-factor,  the  error  at  low  power-factor  is  quite  pro- 
nounced. This  error  may  be  compensated  by  shunting  the  cur- 
rent coils  of  the  meter  with  a  low  non-inductive  resistance. 

The  induction  watthour  meter  is  so  much  cheaper  and  so  supe- 
rior to  the  direct-current  type  that  there  is  little  necessity  for 
using  the  direct-current  type  on  alternating-current  circuits. 

A  rear  view  of  one  type  of  induction  meter  is  shown  in  Fig.  61. 
P  is  a  potential  coil  which  is  highly  inductive  and  is  placed  on  one 
lug  of  the  laminated  magnetic  circuit,  this  lug  being  over  the  disc 
D.  CC  are  two  series  or  current  coils  placed  on  two  projecting 
lugs  beneath  the  disc.  These  coils  are  so  wound  that  if  one  tends 
to  send  flux  upward  the  other  tends  to  send  it  downward,  cw 
is  a  small  auxiliary  or  compensating  winding  placed  on  the 
lOteQtial-lug  and  its  ends  are  connected  to  the  resistance  R.  In 
•  that  the  meter  may  register  correctly,  the  potentia.V-«Ji. 
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^^M  fiux  must  lag  tbe  Uoe  vohage  by  90°.     As  it 

^^M  the  resistance  of  the  potential-coil  sero,  its  cturent 

^H  angle  less  than  90°.     At  low  power-factors  this 

^H  Biderable  error  in  the  meter  registratioD.     However,  by  properly 

^B  ^^ffmij,  4^^^^^   adjusting  the  reastance  R, 
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the  potential-coii  Jlux  may 
be  brought  into  the  90° 
relation  and  the  meter  will 
register  substantially  cor- 
rectly at  all  power-factors. 
To  adjust  the  compen- 
sation, the  meter  is  made 
correct  at  unity  power- 
factor  and  then  the  power- 
factor  is  dropped  to  some 
low  value,  as  0.5.  If  the 
registration  is  now  in  error, 
it  is  due  to  improper  com- 
■atthour  pensation.  The  iiiet*?r  is 
again  made  to  register  cor- 
rectly by  changing  the  resistance  R,  the  two  small  wires  of  this  re- 
sistance being  either  twisted  or  untwisted  and  then  soldered.  If 
the  meter  iinder-registers  when  the  load  current  lags,  the  resistance 
R  should  be  decreased;  if  the  meter  over-registers  with  lag^ng  ear-  i 
rent  the  resistance  R  should 
be  increased.  The  reverse  is 
true  with  leading  current. 

L  is  a  small  metallic  stamp- 
ing placed  under  the  potential 
lug  and  can  be  moved  later- 
ally by  means  of  the  lever  K.        cm 
Its  function  is  to  provide  the    Fig.  i 
small    torque   just   necessary 

to  overcome  the  friction  of  the  meter.     The  operataon  (tf  j 
adjustment  is  as  follows: 

Figure  62  shows  the  stamping  under  the  lug,  set  off  i 
When  the  flux  starts  to  pass  down  through  the  lug  ac 
immediately    induced    in   the   short-circuited   stamping, 
current,  by  Lcnz's  law,  opposes  the  flux  entering  the  stampi 
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that  the  flux  is  crowded  to  the  left-hand  side  of  the  lug  as  shown. 
When  the  flux  starts  to  decrease,  the  current  in  the  short-circuited 
stamping  tends  to  oppose  the  decrease  in  the  flux.  This  retards 
the  time-phase  of  the  flux  in  the  right-hand  side  of  the  lug  with 
respect  to  that  in  the  left-hand  side  of  the  lug.  The  result  is 
a  sweeping  of  the  flux  from  left  to  right  across  the  lug.    This 
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Fig.  63. — Gliding  field  in  air-gap  of  induction  watthour  meter. 

sliding  flux  cuts  the  disc  and  sets  up  eddy  currents  in  it.  These 
currents,  reacting  with  the  flux,  produce  a  torque  tending  to 
drive  the  disc  in  the  direction  in  which  the  stamping  is  displaced 
from  its  position  of  symmetry.  This  is  the  **shaded-pole'' 
principle  which  is  also  used  to  start  small  single-phase  induction 
motors.     (See  Par.  119,  Page  298.) 
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The  driving  torque  of  the  meter  at  unity  power-factor  is  pro- 
duced as  follows:  Figure  63  (a)  shows  a  current  and  a  volt^;e 
wave  in  phase.  If  the  meter  is  properly  lagged  the  potential 
flux  <pp  is  90°  behind  E.  The  current  flux  ipi  is  in  phase  with  7. 
Figure  63  (&)  shows  the  magnetic  polarities  of  the  meter  polea 
for  the  various  times  indicated  in  (a).  At  1  the  current  is  zero 
so  that  no  flux  is  produced  hy  the  current-coils.  The  potential- 
coil  flux  is  a  negative  maximum  so  that  the  potential- pole  is  S, 
Therefore  the  two  current  lugs  must  be  N  poles.  At  2  the  poten- 
tial-coil flux  is  zero,  but  the  current  is  a  maximum.  Therefore, 
the  lower  poles  will  be  iV  and  S  as  shown  and  the  potential-lug 
will  have  an  S  on  one  aide  and  an  JV  on  the  other.  At  3  the 
upper  lug  is  N  and  the  two  lower  ones  S.  Times  4  and  5  are 
also  shown,  5  corresponding  to  1. 

In  (1),  the  entire  upper  lug  is  an  S-pole.  In{2)|thisiS-polehas 
diminished  in  magnitude,  has  moved  toward  the  left-hand  side 
of  the  lug  and  an  A''-pole  appears  on  the  right-hand  side  of  this 
lug.  In  (3),  an  A^-pole  occupies  the  entire  upper  lug,  and  in  (4) 
this  has  diminished  and  moved  toward  the  left  side  of  the  lug. 

A  simitar  cycle  takes  place  on  the  two  lower  lugs.  In  (1), 
both  lugs  are  JV-poles  making  one  large  A'^-pole.  In  (2),  this  large 
iV-pole  has  diminished  and  moved  toward  the  left,  being  followed 
by  an  iS-pole  appearing  on  the  right.  In  (3),  the  iV-pole  has  dis- 
appeared, both  lugs  becoming  S-poles,  etc.  By  following  the 
cycle,  it  will  be  observed  that  an  iV-pole  moves  from  right  to  left 
on  both  the  upper  and  lower  lugs.  Similarly  an  S-pole  does  like- 
wise, following  the  A^-pole,  Therefore,  the  field  "glides" 
laterally  through  the  gap.  In  so  doing,  it  cuts  the  disc  and 
induces  eddy  currents.  These  eddy  currents  induced  in  the  disc 
react  with  this  ghding  field  and  by  Lenz's  law  the  disc  tends  to 
follow  the  field.     (See  Induction  Motor,  par.  98,  page  225.) 

If  the  power-factor  be  zero,  *i.  Fig.  63  (a),  will  be  either  in 
time-phase  with  tjtp  if  the  current  lags  or  will  be  180°  out  of 
phase  with  tfip  if  the  current  leads.  In  either  ease,  if  instantane- 
ous values  of  flux  he  taken,  as  in  Fig.  63  (6),  it  will  be  found 
that  there  is  no  lateral  displacement  of  the  field  in  the  gap  but 
merely  a  sinusoidal  pulsation  of  flux  up  and  down  in  the  gap. 
Under  these  conditions  the  torque  acting  on  the  disc  is  zero. 
^1   The  disc  of  the  induction  meter,  hke  that  of  the  direct-current  ■■ 
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meter,  cuts  a  field  of  constant  strength  produced  by  permanenl 
magnets.  This  causes  a  retarding  torque  which  is  proportional 
to  the  speed  of  the  disc.  Therefore,  both  the  driving  torque 
(motor  action)  and  the  retarding  torque  (generator  action)  are 
produced  on  the  same  disc. 

Calibration  and  Adjustment  of  the  Induction  Wattkour  Meter. — 
The  induction  watthour  meter  is  calibrated  in  much  the  same 
manner  as  the  direct-current  watthour  meter.  A  standard  indi- 
cating wattmeter  is  used  to  measure  the  average  power  over  a 
stated  interval  and  the  revolutions  of  the  disc  of  the  watthour 
meter  are  counted  with  the  aid  of  a  stop  watch.  The  average 
meter  watts  are  calculated  by  means  of  the  equation 

.  KXNX  3,600  (28) 


Ltthnur  meter. 

where  K  is  the  meter  constant,  N  the  revolutions  of  the  disc  and 
(  the  time  in  seconds. 

As  a  rule,  an  ammeter  and  a  voltmeter  are  used  in  connection 
with  such  a  test,  as  shown  in  Fig.  64,  in  order  to  determine  the 
power-factor.  Instrument  losses  should  be  carefully  investigated 
and  corrections  made  if  necessary. 

After  the  meter  is  adjusted  at  full  load  and  unity  power-factor 
by  means  of  the  retarding  magnets,  it  is  adjusted  at  light  load 
by  means  of  the  light-load  adjustment.  The  power-factor  is 
then  lowered.  Any  error  occurring  now  must  be  due  to  improper 
lagging.  The  registration  is  then  made  correct  by  adjusting 
the  resistance  R,  Fig.  61,  which  is  in  series  with  the  lagging  coil. 
If  the  meter  registers  low  with  lagging  current,  the  resistance 
R  should  be  decreased;  if  it  registers  high  the  resistance  R  should 
be  increased.  With  leading  current  these  operations  should 
be  reversed. 
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The  induction  watthour  meter  has  certain  advantages  over  the 
direct-current  meter.  As  there  is  no  coil-wound  armature  in 
addition  to  the  disc,  the  rotating  element  of  the  induction  meter 
is  much  lighter  than  that  of  the  direct-current  meter.  Moreover, 
it  has  no  commutator  or  delicate  brushes,  which  are  frequent 
sources  of  trouble  with  the  direct-current  meter. 

The  induction  meter  is  also  made  in  the  polyphase  type.  Two 
single-phase  elements  act  on  a  common  spiiidle.  There  are  two 
sets  of  damping  magnets.  (For  a  more  detailed  analyws,  see 
"Electrical  Measurements"  by  F.  A.  Laws.) 

38.  Frequency  Indicators. — Frequency  indicators  are  based 
on   two   principles,    that   of   electrical    resonance   and    that  of 


mechanical  resonance.  The  latter  type  is  the  more  common  and 
is  simpler  in  operation.  A  number  of  steel  reeds,  each  having  a 
white  index  on  its  end,  are  clamped  between  two  metal  strips. 
Each  reed  has  its  own  mechanical  frequency  of  vibration.  Be- 
hind this  bank  of  reeds  there  is  an  electromagnet,  the  coil  of 
which  ia  excited  by  the  circuit  whose  frequency  it  is  desired  to 
measure.  The  reed  whose  frequency  is  that  of  the  circuit  will 
vibrat«  with  the  greatest  amplitude,  Fig.  65.  With  the  excep- 
tion of  one  or  two  reeds  near  this  one,  none  of  the  others  will  be 
affected.  Therefore  the  frequency  is  determined  by  noting  the 
scale  reading  opposite  this  reed.  Were  the  reeds  unpolarized, 
they  would  be  attracted  equally  well  by  either  a  north  <ff 


^ 
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south  pole.  An  adjacent  permanent  magnet  keeps  the  reeda 
polarized,  ao  that  the  reed  of  a  particular  mechanical  frequency 
will  respond  to  the  same  electrical  frequency.  The  reeds  are 
usually  80  aiTanged  that  there  is  a  reed  for  every  half  cycle. 
Figure  65  shows  the  Frahm  type  of  indicator,  as  manufactured 
by  Hartmann  and  Braun. 

39.  Power-factor  Indicators. — Power-factor  indicators  and 
aynehroscopes  are  based  on  the  principle  of  the  Turaa  phaae- 
meter.  In  Fig.  66,  F  is  a  fixed  coil  carrying  the  circuit  current. 
MM'  are  two  flat  coils  wound  with  fine  wire.  They  are  fastened 
rigidly  together  and  mounted  on  a  spindle  free  to  rotate.  "  There 


Principle  ot  Tuma  phase-meter. 


18  no  mechanical  control  whatever  of  this  moving  element,  such 
as  springs,  for  example.  The  angle  between  the  coils  is  90°, 
or  nearly  so.  The  windings  of  the  two  coils  MM'  are  connected 
together  at  the  common  point  A,  and  A  is  connected  to  the  same 
side  of  the  circuit  as  F.  A  non-inductive  resistance  R  is  con- 
nected between  M  and  the  other  side  of  the  Une.  A  high  induc- 
tance L  is  connected  between  M'  and  the  other  side  of  the  line. 
The  currents  in  M  and  M'  m^y  be  assumed  to  differ  by  90°  in 
time-phase.  Assume  that  the  power-factor  of  the  load  is  unity. 
The  current  in  coil  M'  lags  the  line  voltage  by  90°,  hence  lags 
the  flux  due  to  coil  F  by  90°  and  therefore  exerts  no  torque.  The 
current  in  coil  M  is  in  time-phase  with  the  line  voltage  and 
hence  with  the  flux  due  to  coil  F  and  will  therefore  move  into 
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the  plane  of  coil  F  aa  there  ia  no  restraining  torque.     Hence,  a 
unity    power-factor,   the  entire  moving  element  takes  i 
position  tliat  the  coil  ilf  is  in  the  plane  of  coil  F. 

If  the  power-factor  of  the  load  is  zero,  the  current  and  t 
voltage  differ  in  phase  by  90°.  Hence  the  current  in  coil  M  a 
the  flux  due  to  coil  F  have  a  time-phase  difference  of  90°,  and  ' 
coil  M  exerts  no  turning  moment.  However,  the  current  in  coil 
M'  is  now  in  time-phase  with  the  flux  due  to  coil  F,  and  therefore 
coil  M'  will  move  into  the  plane  of  coil  F.  The  moving  system  will 
then  have  a  position  of  90°  from  its  position  at  unity  power- 
factor.  That  is,  when  the  current  changes  its  time-phase  by  90°, 
the  moving  element  of  the  indicator  changes  its  space-positioA' ■ 
by  90°.     The  direction  in  which  the  element  turns  depends  c 


Fio.  67. ^Three-phase  power-factor  indicator. 

whether  the  current  lags  or  leads  the  voltage.     For  intermedial 
power-factors,  it  can  be  shown  that  the  angle  of  the  moving  sytf-' 
tem  corresponds  to  the  circuit  power-factor  angle.     If  the  scale 
is  calibrated  in  degrees,  the  pointer  can  be  made  to  indicate  the 
power-factor  arigle  of  the  circuit.     To  make  the  indicator  rei 
power-factor,  it  is  necessary  merely  to  make  the  scale  divisii 
proportional  to  the  cosine  of  the  power-factor  angle.     In  pi 
tice  the  current  is  led  into  the  moving  system  through  strifis 
annealed  silver  foil  which  exert  no  appreciable  control  on 
moving  system. 

As  it  is  impossible  to  obtain  either  a  pure  resistance  or  a  pi 
inductance,  the  currents  in  coils  M  and  M'  will  not  differ  ex- 
actly by  90°  in  time-phase.     It  can  be  shown  that  if  the  space 
angle   between    coils  M  and   M'  be  made  equal  to  the 
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of  phase  difference  of  their  currents,  the  instrument  indicates 
correctly. 

If  the  angle  between  the  two  coils  AfAf'  be  made  120°,  as 
shown  in  Fig.  67,  the  instrument  can  be  made  to  indicate  three- 
phase  power-factor,  if  the  system  is  balanced.  Non-inductive 
r^istancea  R,  R  are  now  connected  in  series  with  each  of  the 
moving  coils.  The  fixed  coil  is  connected  in  one  line  of  the  three- 
phase  system  and  the  common  terminal  of  the  two  moving  coils 
connects  to  this  same  line.  The  other  terminal  of  each  of  the 
moving  coils  connects  to  one  of  the  other  two  hnes  of  the  three- 
phase  system,  as  shown  in  Fig.  67.  This  is  the  scheme  of  con- 
nections for  the  power-factor  indicator  of  the  General  Electric 
Co.,  so  often  seen  on  switchboards.  The  instrument  indicates 
the  three-phase  power-factor  if  the  system  is  very  nearly  bal- 
anced. If  the  system  is  unbalanced,  the  reading  has  little 
significance. 

40.  Synchroscope. — Before  connecting  an  alternator  to  the 
bus-bars  and  in  parallel  with  other  alternators,  it  is  necessary  not 
only  that  its  voltage  be  the  same  as  that  of  the  bus-bars  but  that 
it  be  in  phase  opposition  as  well.  This  corresponds  to  having 
direct-current  generators  of  the  same  polarity  before  connecting 
them  in  parallel. 

A  synchroscope  is  an  instrument  for  indicating  when  machines 
are  in  the  proper  phase  relation  for  connecting  in  parallel,  and 
at  the  same  time  for  showing  whether  the  incoming  machine 
is  running  fast  or  slow.  This  type  of  instrument  is  based  on 
the  principle  of  the  power-factor  indicator.  A  diagram  of  one 
type  of  synchroscope  is  shown  in  Fig.  68,  A  horse-shoe  magnetic 
circuit  is  excited  by  a  winding  which  connects  to  the  incoming 
machine,  usually  through  a  potential  transformer.  The  moving 
coils  are  the  same  as  those  of  the  Tuma  phase-meter,  except  that 
the  connections  are  made  through  slip-rings.  This  allows  the 
coils  to  revolve  freely.  The  moving  element  is  connected  across 
the  bus-bars,  usually  through  potential  transformers.  If  the 
incoming  machine  has  the  same  frequency  as  the  bus-bars, 
the  pointer  remains  stationary.  When  the  machines  are  in  the 
proper  phase  relation  for  closing  the  switch,  the  pointer  is  over  an 
index  on  the  dial,  this  position  being  shown  in  Fig.  69,  The 
direction  of  rotation  of  the  pointer  shows  whether  the  incoming 
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machine  is  fast  or  slow.  The  generator  switch  is  usually  thrown 
when  the  pointer  is  rotating  slowly  in  the  "fast"  direction  and 
is  approaching  the  index.  Figure  69  abows  a  General  Electric  ■j 
synchroscope  and  its  mounting. 


41.  The  Oscillograph. — It  is  often  desired  to  investigate  ti 
sient  conditions  in  electrical  circuits,  such,  for  example, 
current  and  the  voltage  relations  during  the  blowing  of  a  fuse, 
during  the  short-circuit  of  an  alternator,  or  in  oscillations 
duced  by  switching,  etc.  Further,  it  is  desirable  to  ' 
apparatus  which  will  show  the  current  and  the  voltage  waves 
alternating-current  circuits  during  steady  conditions.  The 
oscillograph  ia  an  instrument  which  ia  capable  of  meeting  these 
requirements. 


I 


ALTERNATING-CURRENT  INSTRUMENTS 


73 


Its  principle  is  quite  simple,  being  that  of  a  D'Arsonval  galva^ 
nometer  {Vol.  I,  Chap.  VII,  page  123),  as  showu  iu  Fig,  70(a). 
A  small  phosphor-bronze  strip  or  filament  is  stretched  over  two 
clefts,  CC,  around  a  small  pulley  P  and  back  again.  The  spring 
S  acting  on  the  pulley  keeps  the  two  lengths  of  the  strip  in  ten- 
sion. This  filament  is  placed  between  the  poles  of  a  strong  elec- 
tromagnet. When  a  current  flows  through  the  filament,  one 
length  of  the  filament  moves  outwards  and  the  other  inwards, 
A  very  small  mirror  M  is  cemented  across  the  two  lengths  of  the 
filament  and  is  given  a  rocking  motion  by  this  movement  of  the 
filament.  If  a  beam  of  light  be  reflected  from  this  mirror,  it 
will  be  drawn  out  into  a  straight  line  by  the  mirror  vibration.     If 


C«)  (6) 

U>ratuie  element  of  oacillograpb.  Method  of  drawing  out  vibrating  beam. 


this  beam  of  light  be  made  to  strike  a  rotating  mirror,  in  the  man- 
ner shown  in  Fig.  70  (6),  the  rotation  of  the  mirror  introduces 
a  time  element  and  the  wave  is  drawn  out  so  that  its  character- 
istics are  shown. 

The  instrument  is  merely  a  galvanometer  having  a  single  turn 
and  a  very  light  moving  element.  This  makes  the  moment 
of  inertia  very  small.  Also,  the  filament  is  under  considerable 
tension,  so  that  its  natural  frequency  of  vibration  is  very  high, 
being  from  3,000  to  10,000  cycles  per  second.  These  character- 
istics are  necessary  in  order  that  the  filament  may  respond 
accurately  to  the  comparatively  high  frequency  variations  which 
it  is  called  upon  to  follow.  The  moving  element  is  usually 
immersed  in  oil  so  that  its  movement  is  properly  damped  and 
the  filament  is  kept  cool. 


74 


ALTERNATING  CURRENTS 


Figure  71  shows  the  general  arrangement  of  a  laboratory  type 
of  oscillograph. 

The  light  from  the  arc  lamp  strikes  the  two  total-reflecting 
prisms  by  means  of  which  the  beam  is  turned  at  right  angles  and 
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directed  upon  the  vibrator  mirrors  at  V.  These  mirrors  reflect  the 
light  back  through  the  cylindrical  lens,  which  concentrates  the 
beam.  A  plane  mirror  M  reflects  the  light  down  to  a  rotating 
mirror  which  in  turn  reflects  it,  drawn  out  as  a  wave,  on  the 
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Fig.  72. — Method  of  connecting  oscillograph  vibrators  in  circuit. 

viewing  screen.  It  is  often  desired  to  obtain  a  photographic 
leoord  of  the  phenomena  which  occur.  For  this  purpose  a  sensi- 
tive photographic  film  is  wound  on  the  film  drum,  which  is 
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driven  by  a  motor.  The  mirror  M  is  then  pulled  up  out  of  the 
way  and  a  mechanism  causes  the  shutter  to  open  and  close  dur- 
ing one  revolution  of  the  drum.  In  this  case  the  time  axis  is 
furnished  by  the  movement  of  the  film. 

The  oscillograph  vibrators  are  connected  into  the  circuit 
in  the  same  manner  as  direct-current  ammeter  and  voltmeter 
coils  are  connected,  Fig.  72.  As  the  current  vibrator  can  carry 
but  a  small  current,  about  0.1  amp.,  it  is  connected  in  parallel 
with  a  non-inductive  shunt  which  is  in  series  with  the  line.  The 
voltage  vibrator  is  connected  across  the  line  in  series  with  a  high 
non-inductive  resistance.  The  current  vibrator  will  then  vibrate 
with  an  amplitude  proportional  to  the  circuit  current  and  in 
phase  with  it.  The  current  through  the  voltage  vibrator  will  be 
proportional  to  the  circuit  voltage  and  in  phase  with  it. 


CHAPTER  IV 
POLYPHASE  SYSTEMS 

42.  Reasons  for  the  Use  of  Polyphase  Currents. — In  many 
industrial  applications  of  alternating  current,  there  are  objections 
to  the  use  of  single-phase  power. 

In  a  single-phase  circuit,  the  power  delivered  is  pulsating. 
Even  when  the  current  and  voltage  are  in  phase,  the  power  is  zero 
twice  in  each  cycle,  as  shown  in  Fig.  19,  page  22.  When  the 
power-factor  is  less  than  unity,  the  power  is  not  only  zero  four 
times  in  each  cycle,  but  it  is  also  negative  twice  in  each  cycle. 
This  means  that  the  circuit  returns  power  to  the  generator  for  a 
part  of  the  time.  This  is  analogous  to  a  single-cylinder  gasoline 
engine  in  which  the  fly-wheel  returns  energy  to  the  cylinder  dur- 
ing the  compression  part  of  the  cycle.  Over  the  complete  cycle, 
both  the  single-phase  circuit  and  the  fly-wheel  receive  an  excess 
of  energy  over  that  which  they  return  to  the  source.  The  pul- 
sating nature  of  the  power  in  single-phase  circuits  makes  such 
circuits  objectionable  in  many  instances. 

A  polyphase  circuit  is  somewhat  like  a  multi-cylinder  gasoline 
engine.  With  the  engine,  the  power  delivered  to  the  fly-wheel 
is  practically  steady,  as  one  or  more  cylinders  are  firing 
when  the  others  are  compressing.  This  same  condition  exists  in 
polyphase  electrical  systems.  Although  the  power  of  any  one 
phase  may  be  negative  at  times,  the  total  power  is  constant  if  the 
loads  are  balanced.  This  makes  polyphase  systems  highly 
desirable  for  power  purposes. 

The  rating  of  a  given  motor,  or  generator,  increases  with  the 
number  of  phases,  an  important  consideration.  Below  are  the 
approximate  capacities  of  a  given  machine  for  different  numbers 
of  phases,  assuming  the  single-phase  capacity  as  100. 

Single-phase 100 

Two-phase 140 

Three-phase 148 

Six-phase 148 

Direct-current 154 
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The  same  machine  operating  three-phase  or  six-phase  has  about 
50  per  cent,  greater  capacity  than  when  operating  single-phase. 
A  machine  has  the  same  capacity  whether  connected  tbree-phaae 
or  six-phase,  because  the  same  windings  are  used  in  the  same 
manner  for  each.  (The  foregoing  table  does  not  apply  to  syn- 
chronous converters.  The  ratio  of  polyphase  to  single-phase 
capacity  in  converters  is  much  greater  than  that  shown  in  the 
above  table.     See  page  355.) 

A  minor  consideration  in  favor  of  three-phase  power  ia  the  fact 
that  with  a  fixed  voltage  between  conductors,  the  three-phase 
system  requires  but  three-fourths  the  weight  of  copper  of  a  single- 
phase  system,  other  conditions  such  as  distance,  power  loss,  etc., 
being  fixed. 

43.  Symbolic  Notation. — The  solutions  of  problems  involving 
circuits  and  systems  containing  a  number  of  currents  and  volt- 


CO 

Pio.  73.— Symbolic  no 

ages  are  simplified  and  are  less  susceptible  to  error  if  the  current 
and  voltage  vectors  are  designated  by  some  systematic  notation, 
of  which  the  following  is  one  type.  If  a  voltage  is  acting  to 
send  current  from  point  a  to  point  b,  Fig.  73  (a),  it  shall  be  de- 
noted by  Eab-  On  the  other  hand,  if  the  voltage  tends  to  send 
current  from  h  to  a  it  shall  be  denoted  by  Eba-  Obviously, 
Eab  =  —Eba.  It  may  seem  as  if  alternating  currents  cannot  be 
considered  as  having  direction  since  they  are  undergoing  con- 
tinual reversal  in  direction.  The  assumed  direction  of  a  current, 
however,  is  determined  by  the  actual  direction  of  the  flow  of 
energy.  In  an  alternator  the  energy  comes  otit  of  the  armature 
and  the  current  is  considered  as  flowing  out  of  the  armature, 
even  although  it  is  actually  flowing  into  the  armature  for  half  the 
time. 
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Corresponding  to  the  voltage  Eahj  Fig.  73  (a),  the  cmrent  lab 
'  flows  from  a  to  &  in  virtue  of  this  voltage.  The  current  flowing 
from  6  to  a  must  be  opposite  in  direction  to  that  flowing  from  a 
to  6.  Therefore  ha  =  —  lab*  This  relation  is  illustrated  in  Fig. 
73  (6),  in  which  lah  differs  in  phase  from  ha  by  180**.  Eha  is 
180°  from  Eah. 
Figure  74  represents  a  circuit  network  abcde.    The  parts  of  the 

network,  ab,  be,  etc.,  may  be 
either  resistances,  inductances, 
capacitances,  or  sources  of  emf. 
such  as  alternator  or  transformer 
>  coils.  It  is  obvious  that  the 
voltage  from  a  to  c  is  equal  to 
the  voltage  from  a  to  6  plus  the 
voltage   from  6  to  c.     That  is, 

^ac  =    ^ab    +    ^6c.       It     is    tO    bc 

noted  that  when  several  voltages  in  series  are  being  considered, 
the  first  letter  of  each  subscript  must  be  the  same  as  the  last 
letter  of  the  preceding  subscript.  Figure  75  (a)  shows  vectorially 
the  voltage  Eab  and  the  voltage  Edb»,  To  obtain  the  voltage  Eaa 
Ebc  is  necessary.  Therefore  E^  is  reversed  giving  Ebc  Ebc  added 
vectorially  to  Eab  gives  Eac 


J 


Fig.  74. — Circuit  network. 


y^E^ae-^ab-^Ebo 


Eab 


^Ihc 


fab^fboHbd 


Eel 

(a)  (b). 

Fio.  75. — Examples  of  symbolic  potation.  - 

Currents  may  be  treated  in  a  similar  manner,  the  principle 
involved  being  Kirchhoff 's  first  law.  For  example,  in  Fig.  74,  the 
current  Jab  =  he  +  hd-  Figure  75  (6)  shows  currents  he  and 
Idb.  Idb  is  reversed  giving  hd  and  this  is  combined  vectorially 
with  he  to  obtain  lab- 

This  notation  not  only  distinguishes  the  various  currents  and 
voltages  but  the  directions  in  which  they  act  as  well.     It  is  to 
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be  noted  that  the  use  of  arrows  is  not  necessary,  the  subscripts 
denoting  the  directions  of  the  vectors. 

44.  Gneneration  of  a  Three-phase  Current. — ^As  three-phase 
is  now  the  most  common  of  the  polyphase  systems,  it  will  be 
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Fio.  76. — Generation  of  3-phaae  current. 

considered  first.  Figure  76  (a)  shows  three  simple  coils,  120** 
apart  and  fastened  rigidly  together.  These  coils  are  mounted 
on  an  axis  which  can  be  rotated.  The  coils  are  shown  rotating 
in  a  counter-clockwise  direction  in  a  uniform  magnetic  field. 
The  current  can  be  conducted  from  each  of  these  three  coils  by 


Eoa 


Boa 


(6) 


PiQ.  77. — Three-phase  voltage  waves  and  vector  diagram. 

means  of  slip-rings,  as  shown  in  Fig.  76  (6).  The  terminals  of 
coil  a  are  connected  to  rings  a',  those  of  b  to  rings  6',  etc.,  making 
six  slip-rings  in  all. 

Figure  77  (a)  shows  as  Eoa  the  voltage  in  coil  a.    Eoa  is  zero 
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and  19  increasing;  in  a  positive  direction  when  the  time  t  is  0. 
Obviously  the  voltage  induced  in  coil  6  will  be  120  electrical  time- 
degrees  behind  E^a  and  that  induced  in  coil  c  will  be  240  elec- 
trical time-degrees  behind  £»„,  as  shown  in  Figs,  77  (a)  and  77 
(6).  These  three  voltages  constitute  the  elementary  voltages 
generated  in  a  three-phase  system. 

An  examination  of  Fig.  77  (a)  shows  that  for  any  particular 
instant  of  time,  the  algebraic  sum  of  these  three  voltages  is  zero. 
When  one  voltage  is  zero,  the  other  two  are  86.6  per  cent,  of  their 
maximum  values  and  have  opposite  signs.  When  any  one 
voltage  wave  is  at  its  maximum,  each  of  the  others  has  the 
opposite  sign  to  this  maximum  and  each  is  50  per  cent,  of  ite 
maximum  value. 

Figure  77  (b)  shows  the  vectors  representing  these  three  vi 
ages,  the  vectors  being  120''  apart. 

Each  of  the  coils  of  Fig.  76  (a)  can  be  connected  through  its 
two  slip-rings  to  a  single-phase  circuit.  This  gives  six  slip-rings 
and  three  independent  single-phase  circuits.  With  a  rotating 
field  and  stationary  armature  type  of  generator,  which  is  the 
most  common  type  met  in  practice,  the  six  slip-rings  would 
not  be  necessary,  but  six  leads  would  be  taken  directly  from  the 
armature. 

In  practice,  however,  a  machine  seldom  supplies  three  inde- 
pendent circuits  by  the  use  of  six  wires. 

45.  Y-connection. — The  three  coils  of  Fig.  76  are  shown  in 
simple  diagrammatic  form  in  Fig,  78.  The  three  corresponding 
entla,  one  for  each  coil,  are  tied  together  at  the  common  point  o. 
This  is  called  the  Y-connection  of  the  coils.  Ordinarily  only 
three  wires,  aa',  bb'  and  cc',  lead  to  the  external  circuit,  although 
the  neutral  wire  oo'  is  sometimes  carried  along,  making  a  three- 
phase,  four-wire  system.  J 

Figure  79  (a)  again  shows  the  three  coils  and  Fig,  79  (b)  ^j^ 
three  corresponding  voltage  vectors,  £«,  Eot,  and  E„.  The*' 
three  voltages  are  called  the  coil  or  Y-voltages.  Let  it  be 
required  to  find  the  three  line  voltages  Eab,  Ew  and  Erg.  The  line 
voltage  p„f,  =  Ei'>  +  ^A  (Par.  43).  £,„  is  not  on  the  original 
diagram  but  is  obtained  by  reversing  E^a-  Eao  is  then  added 
vectorially  to  E^  giving  Eat- 

From  geometry,  E^  lags  the  coil  voltage  E^  by  30"  and, 
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150°  behind  Eoa.    Also,  Eat  \s  numerically  equal  to  \/3  Eob 
1 .73  jBo6.    In  a  similar  manner  fJic = f^bo  +  f^oc  and  ^co  =  ^co+^ 
These  three  line  voltages  are  shown  in  Fig.  80. 

It  is  to  be  noted  that  in  a  balanced  Y-system^  the  three  line  voUa^es 
are  all  equal  and  are  120®  apart.    Each  line  voUage  is  30**  oiU  of 


N 


/^a 


Fio.  78. — Y-connection  of  generator  coils. 

phxise  with  one  of  its  respective  coil  voltages.     The  three  line  voU- 
ages  are  each  \/3>  ^  1.73,  times  the  coil  voltage. 

It  is  obvious  from  Fig.  79  (a)  that  the  three  coil  currents 
loay  Icb  and  loe  ^rc  respectively  equal  to  the  three  Une  currents 
laa'i^'lw  and  Jcc',  as  the  coil  and  line  are  in  series. 
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(a)  (6) 

Fig.  79. — Y-connection  and  corresponding  voltage  vector  diagram. 

Therefore^  in  a  Y-system  the  line  currents  and  the  respective  coil 
currents  are  equal.  Moreover,  as  the  three  coils  meet  at  a  com- 
mon point,  the  vector  sum  of  the  three  currents  must  be  zero  by 
Kirchhoff 's  first  law,  provided  there  is  no  neutral  conductor  and 
current.    That  is 

loa  -\-lob'{^loc'=0 
6 
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Power  in  Y-system. — Figure  80  shows  the  three  currents  /©a, 
lab  and  loe  of  coils  aa,  ob,  and  oc  respectively.  Unity  power-factor 
is  assumed  and  the  three  currents  are  therefore  in  phase  with 
their  respective  coil  voltages.  A  balanced  system  is  assumed 
and  the  three  currents  are  therefore  equal  in  magnitude. 

The  coil  current  loa  and  the  line  current  laa'  are  the  same 
current.  Therefore,  the  line  current  laa^  is  30®  out  of  phase  with 
the  line  voltage  -Bcc,  when  the  power-factor  is  unity.  This  is 
true  for  each  phase. 

The  power  delivered  by  each  coil  is 

P'  =  Eoa  loa  (unity  power-factor) 
and  the  total  power  delivered  by  the  generator  is  three  times  this. 

P   =  SEeouIeoU 


Fio.  80. — Relation  of  line  to  coil  volt-  Fio.  81. — Relation  of  line  to  ooil 
ages  and  currents  in  a  Y-system,  unity  voltages  and  currents  in  a  Y-oystem. 
power-factor.  Power-factor  scos  $. 


As  the  power  in  the  line  is  the  same  as  that  delivered  by  the 
generator,  substituting  Eu^ely/Z  for  the  value  of  EcoHy 

3 

Eline    I  coil   =   ^/SEline    Iline  (29) 


P    = 


V3 


the  coil  current  and  the  line  current  being  equal. 

In  a  balanced  three-phase  system^  the  line  power  at  unity  power' 
factor  is  equal  to  \/3  times  the  line  voltage  times  the  line  current. 

Figure  81  shows  this  same  three-phase  system  when  the  power- 
factor  is  no  longer  unity.  Each  coil  current  now  lags  its  respec- 
tive coil  voltage  by  the  angle  d. 
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The  total  coil  power  is  now 

P  =  3E,,i,  I,„i,  cos  d  ,M 
The  system  power  is 

P  =  V3En„,  Iii„,  COB  e„i,  (30) 

V3 
1,000 

Therefore,  in  a  balanced  Ihree-phase  system,  the  system  power- 
factor  is  the  cosine  of  the  angle  between  the  coil  current  and  the  coil 
valtage. 

The  angles  between  the  line  currents  and  the  line  voltaRcs 
are  not  power-factor  angles,  for  they  involve  the  fact.or8  {S  —  30°) 
(Fig.  81)  and  also  (fl  +  30°),  8  being  the  coil  power-factor  angle. 
Obviously  the  system  power-factor,  which  is  the  coil  power- 
factor,  ia 

P-P-  =     ^f    J  (31) 

wjiere  P  is  the  total  system  power. 

If  the  system  is  unbalanced,  that  is,  if  the  currents  or  voltages 
are  not  equal  or  are  not  120°  apart,  the  question  arises  as  to 
just  what  the  system  power-factor  is  under  these  conditions. 
Where  such  unbalancing  ia  not  very  great,  equation  (31)  is  used, 
the  line  currents  and  voltages  being  averaged.  The  system 
power-factor  has  little  significance  when  the  unbalancing  is  con- 
siderable. 

Example. — A  three-phase  alternator  has  three  ei'lls  each  ratPii  at  1,330 
volts  and  150  amp.  What  is  the  voltage,  kv-a.,  and  current  rating  of  this 
generator  if  the  three  coils  are  connected  in  1"? 

Eiin,  =  v^  X  1330  =  2,300  volts.     Arts. 
^L  Rating  =  V^  X  2300  X  150  =  600  kv-a.    Ans. 

^^B  Current  ratiag  —  150  amp.     Ajik. 

^'•B.  Delta-connection.— The  three  coils  of  Fig.  76  can  be  con- 
nected as  shown  in  Fig.  82  (a),  the  diagram  being  simplified  in 
Fig.  82  (d).  The  end  of  each  coil,  which,  in  Fig.  78,  was  con- 
nected to  the  neutral,  is  now  connected  to  the  outer  end  of  the 
next  coil,  as  shown  in  Fig.  82  (a).  As  points  o  and  a  are  now 
connected  directly  together,  Eco  =  Eca,  etc.  The  o'a  are  now 
superfluous  and  are  dropped. 
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Fig.  83  (a)  shows  vectorially  the  three  voltages  Eabj  Ehc,  and 
Eca,  acting  from  a  to  6,  6  to  c,  and  c  to  a,  respectively. 

At  first  sight  Fig.  82  looks  like  a  short-circuit,  the  three  coils, 
each  containing  a  source  of  voltage,  being  short-circuited  on 


c  vinnJWDoo'^  ® 


b' 


(*) 


Fig.  82. — The  delta-connection  of  alternator  coils. 


themselves.  The  actual  conditions  existing  in  this  closed  cir- 
cuit may  be  demonstrated  by  the  use  of  the  subscript  notation. 
Assume  that  the  coil  6c  is  broken  at  c',  Fig.  84  (a).  The  voltage 
-Fftc  =  -Ffta  +  -Fo«.  The  vector  sum  of  these  two  voltages,  shown  in 
Fig.  84  (6),  lies  along  voltage  Ehc',  and  is  equal  to  it.    Therefore, 
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Fio.  83. — Relation  of  line  to  coil  voltages  and  currents  in  a  delta-system,  unity 

power-factor. 


the  voltage  Ec^c  =  0  and  points  c  and  c'  can  be  connected  without 
any  resulting  flow  of  current.  This  is  the  same  condition  which 
exists  when  two  direct-current  generators  having  equal  voltage 
are  connected  in  parallel.  No  current  flows  between  the  two  if 
the  proper  polarity  is  observed. 
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The  coil  currents  of  Fig.  82  are  sliown  in  Fig.  83  in  phase 
with  their  respective  voltages,  balanced  conditions  being  assumed. 
■  The  line  current 

I  /..-  =  h.  +  u 

This  addition  is  made  vectorially  in  Fig.  83  (a),  giving  /„4.  30° 
from  E^a-  It  will  be  observed  that  laa-  is  \/3  times  the  coil 
current.  Line  currents  Iw  and  he'  may  be  found  in  a  similar 
manner,  with  the  result  shown  in  Fig.  83  (5).  Therefore,  in  the 
delta-system  there  is  a  phase  difference  of  30°  between  the  line 
currents  and  the  line  voltages  at  unity  power-factor,  just  as  in 
the  Y-systera. 

It  is  obvious  that  the  line  voltage  is  equal  to  the  coil  voltage 
in  a  delta-system.  Moreover,  the  sum  of  the  three  voltages 
Kiting  around  the  delta  must  be  zero  by  Kirchhoft's  second  law. 


In  a  balanced  delta-system,  the  line  voUage  is  equal  to  the  coU 
voltage,  but  the  line  current  is  \/3  times  the  coil  current. 

Figure  85  shows  three  lamp  loads,  each  requiring  10  amp.  at 
115  volts.  They  are  first  connected  in  Y  and  then  in  delta.  In 
order  to  supply  the  proper  voltage  in  each  case,  there  are  199 
volts  across  lines  in  the  Y-system  and  115  volts  in  the  delta- 
system.  There  are  10  amp.  per  line  in  the  Y-system  and  17.3 
amp.  per  line  in  the  delta-system.     The  power  supplied  is  the 

me  in  each  system. 
^Power  in  Delta-system. — -The  total  power  in  a  delta-system  is 
P  =  3  Ec«l  /c-Xf  COB   e,„i, 
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This  power  is  equal  to  that  in  the  line,  as  there  is  no  interven- 
ing loss.    Also,  the  line  current 


and 


I  line   =  V3  leoU 
Eline   =   Ecoil 
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115-Volt  Lamp  Banks  Connected  in  Delta 
Fig.  85. — ^Lamp  loads  in  Y  and  in  delta. 


Hence,  substituting  in  the  above  equation 

P   =    \/3  Eline  I  line   COS  Oeoil  ^  ^ 

This  equation  is  the  same  as  equation  (30)  (pa^  83)  for  the 
Y-system.  This  should  be  so,  for  the  relations  in  a  three-phase 
line  are  the  same  whether  the  power  originates  in  a  delta-  or  in  a 
Y-connected  generator. 
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The  powerJactor  of  the  delta-system  is  the  same  as  that  for  a 
Y-aystem. 

"■  =  ^  =  °™""«  "*'> 

where  P  is  the  total  power  of  the  syetem,  and  E  and  /  are  the 
line  voltage  and  line  current  respectively. 

The  denominator,  v^  ^h  equation  (33),  gives  the  voU-amperes 
of  the  three-phase  system.  The  kilovott-amperes  of  a  three-phase 
system  are  given  by  \/d  EI  1,000. 

METHODS  OP  MEASURING   POWER  IN   THREE-PHASE   SYSTEM 

47.  Three-wattmeter  Method.— Let  (1),  (2)  and  (3),  Fig.  86 
(a),  be  the  three  coils  of  either  a  Y-connected  alternator  or  of  a 


ing  a- phase  power 


Y-connected  load.  If  the  neutral  of  the  Y  is  accessible,  it  is 
possible  to  measure  the  power  of  each  phase  by  connecting  the 
current-coil  of  a  wattmeter  in  series  with  the  phase  and  by  con- 
necting the  wattmeter  potential-coil  across  the  phase,  as  shown 
in  Fig.  86  (a).  Therefore  ,1^,,  W^  and  W3  measure  the  power 
in  loads  1,  2,  and  3  respectively,  regardless  of  power-factor, 
degree  of  balance,  etc. 
The  total  power 

IP  =W,+  W^-{-  w. 
If  the  loads  arc  balanced. 
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If  the  potential  circuits  of  the  three  wattmeters  have  equal 
resistances,  these  three  potential  circuits  constitute  a  balanced 
Y-load,  having  a  neutral  0'.  As  coils  1,  2,  and  3  and  these  three 
wattmeter  potential-circuits  are  both  symmetrical  systems,  (y  must 
be  at  the  same  potential  as  0.  Therefore,  no  current  flows  between 
0  and  0'  and  the  line  can  be  cut  at  X  without  changing  existing 
conditions.  Figure  86  (6)  shows  the  three-wattmeter  connection 
for  a  three-phase  system.  It  can  be  shown  that  the  total  power 
is  the  sum  of  the  wattmeter  readings  even  though  the  wattmeter 
potential-circuits  have  different  resistances.  Under  these  condi- 
tions, however,  the  wattmeters  may  not  all  have  the  same  reading, 
even  with  balanced  loads. 


Scarce 


Load 


....^^^^^"^v;:^^ 


r-Bo« 


Fig.  87. — Use  of  the  Y-box  for  measuring  S-phase  power. 

The  three-wattmeter  method  is  well  adapted  to  measuring 
power  in  a  system  where  the  power-factor  is  continually  changing, 
as  in  obtaining  the  phase  characteristics  of  a  synchronous  motor. 
If  the  three  instruments  have  equal  potential-circuit  resistances, 
they  read  alike  regardless  of  power-factor,  if  the  loads  are  bal- 
anced. The  three-wattmeter  method  is  necessary  in  a  three- 
phase  four-wire  system,  as  a  system  of  n  wires  ordinarily  requires 
n  —  1  wattmeters  in  order  to  measure  the  power  correctly. 

The  Y'box. — The  use  of  the  Y-box  is  based  on  the  principle 
that  each  of  the  three  wattmeters  of  Fig.  86  reads  the  same,  if  the 
loads  are  balanced.  Under  these  conditions  the  total  power  P  = 
3Wu  If  two  resistances,  each  equal  to  the  resistance  of  the  po- 
tential-coil of  TFi,  be  used  in  conjunction  with  this  potential-coil. 
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the  wattmeters  Wi  and  Wt  are  not  necessary.  Aa  a  rule  these 
two  equal  resistances  are  mounted  in  the  same  box  and  are 
connected  as  shown  in  Fig.  87.  Accurate  results  can  be  obtained 
with  tliis  method  only  when  the  loads  are  balanced. 

48.  Two-wattmeter  Method. — The  power  in  a  three-wire, 
three-phase  system  can  be  measured  by  two  wattmeters  con- 
nected as  shown  in  Pig.  88.  The  current-coils  of  the  two  instru- 
ments are  connected  in  two  of  the  lines  and  the  potential-coil 
of  each  instrument  is  connected  from  its  respective  Une  to  the 


FtO.  88.— Two-wf 


method  ol  TDeaauiin^  S-phase  power. 


third   line.     Under   these   conditions   the   total   power   passing 
through  the  system 

regardless  of  power-factor,  balance,  etc.     The  choice  of  the  plus 
or  the  minus  sign  will  be  explained  later. 

One  method  of  proving  that  these  instruments  give  the  correct 
power  is  as  follows:  Let  Ci,'  cj,  eg  and  i-,,  ij,  I'j  be  the  respective 
voltages  and  currents  of  the  three  loads  at  any  particular  iTistant. 
These  being  instantaneous  values,  the  power  at  the  instant 
under  consideration  is  equal  to  their  products  regardless  of 
power-factor.     That  is,  the  instantaneous  power 


But 


ii  +  ii  +  i 


=  0  (Kirchhoff's  first  law) 
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Substituting 

V  =  Ciii  —  C2(ii  +  is)  +  ezis 
'=  (61  —  62)^1  +  (es  —  62)^8 

As  the  line  voltages  in  a  Y-system  are  the  differences  of  the 
proper  coil  voltages   (Page  80,  Par.  45) 

Wi  reads  (ei  —  62)^1 
and  TF2  reads  (63  —  62)^3 

The  same  proof  may  be  used  for  a  delta-load,  except  that 

ei  +  62  +  63  =  0 

It  is  shown  in  Pars.  45  and  46,  that  a  phase  difference  of  30° 
exists  between  the  line  voltage  and  line  current  at  unity  power- 
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Fig.  89. — Vector  diagram  illustrating  2- wattmeter  method  for  measuring 

3-phase  power,  balanced  load. 

factor.  For  power-factors  other  than  unity,  this  phase  difference 
becomes  (30°  ±  B),  where  d  is  the  power-factor  angle  of  the  coil. 
Figure  89  (a)  shows  two  wattmeters,  W\  and  TF2,  measuring 
the  power  taken  by  a  balanced  three-phase,  Y-connected  load. 
The  wattmeter  W\  is  so  connected  that  the  current  Iho  flows  in 
its  current-coil  and  the  voltage  Eha  is  across  its  potential-circuit. 
Therefore,  the  reading  of  Wi  is  equal  to  the  product  of  /50, 
Eha  and  the  cosine  of  the  angle  between  this  current  and  this 
voltage.  Figure  89  (6)  gives  the  vector  diagram  of  the  load. 
The  three  coil  voltages  Eaoj  Ebo,  and  Eco  are  all  equal  and  120° 
apart.  The  coil  currents  lao,  ho,  and  ho  are  equal  and  lag  their 
respective  coil  voltages  by  the  angle  6.  The  voltage  Eha  is  found 
by  reversing  Eao,  giving  Eoay  and  then  adding  Ebo  and  £?•« 
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vectorially  (^ja  =  ^t^  +  fl^a)-  The  current /»o  is  given.  The 
angle  between  Et,a  and  Ib<,  ia  30°  —  fl.  Therefore,  the  reading 
of  this  wattmeter  ia 

Wi  =  E*a  /b,  COS  (30°  -  e) 
=  Eu„i  Iii„  cos  (30°  -  e) 

Likewise,  the  wattmeter  Ws  reads  the  product  of  Eea,  T^a 
and  the  cosine  of  the  angle  between  them.  From  the  vector 
diagram,  Fig.  89  {b),  E^a  is  found  by  adding  vectorially  E^o  and 
E„„  iE.a  =  Eco  +  ^™).  The  current  /„  is  given.  The  angle 
between  £,„  and  /=„  is  30°  +  9. 

Therefore  the  reading  of  this  wattmeter  is 

IL  -  W'i  =  E,J,^  COB  (30°  +  e) 

W  =  Eii„,  Z,,-„  cos  (30°  +  e) 

i  Summarizing 
I  W^  =  EI  cos  (30°  -  fl) 

I  Wi  =  EI  cos  (30°  +  e) 

■where  E  and  I  are  the  line  voltage  and  line  current,  respectively, 
the  system  being  balanced. 

Wi  and  Wa  will  read  alike  when  ff  =  0  and  0  =  180°.  Both 
conditions  correspond  to  unity  power-factor.  When  9  equals 
180°,  however,  the  power  has  reversed.  The  two  instruments 
also  read  alike  at  zero  power-factor  {0  =  90°),  although  this 
condition  is  seldom  realized. 

When  0  =  60°,  corresponding  to  a  power-factor  of  0.5,  Wa 
reads  zero,  as  cos  (30°  -|-  60°)  =  cos  90°  =  0.     In  this  case,  the 
reading  of  Wj  gives  the  total  power.     For  angles  greater  than 
60°,  corresponding  to  power-factors  less  than  0.5,  cos  (30°  +  6) 
becomes  negative,  Wi  reads  negative  and  the  total  power  becomes 
p  ^  W,~Wi 
Therefore,  discretion  must  be  used  when  two  single  instru- 
ments are  employed,  as  the  total  power  may  be  either  the  sum  or 
the  difference  of  the  readings. 
It  may  also  be  shown  that 

tan»-V3^;^  (34) 

where  fl  is  the  coil  power-factor  angle.  Therefore  it  is  possible  to 
obtain  the  power-factor  in  a  balanced  three-phase  system  by 
■Hieans  of  the  wattmeter  readings  alone. 
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ADother  convenient  method  for  determining  the  power^actor 
from  the  wattmeter  readings  is  to  divide  the  smaller  wattmeter 
reading  by  the  larger, 

Wt  ^  COB  (30°  +  e) 

Wi       cos  (30°  -  0)  ^'^'" 

and  then  to  use  the  curve  shown  in  Fig.  90. 
This  curve  is  plotted  with  the  ratio  ^  gainst  power'^actor. 

When  Wt/Wi  =  1.0,  the  power^actor  is  1.0;  when  Wt/Wi  = 
0,  the  power-factor  is  0.5;  when  Wt/Wi  is  negative,  that  ia,  it 
becomes  necessary  to  reverse  Wt,  the  power-factor  is  less  than 
0.5.  By  means  of  a  curve  like  that  of  Fig.  90,  the  power- 
factor  may  be  read  directly  from  the  ratio  of  the  two  wattmeter 
readings. 


Example. — Id  a  test  of  a  three-phase  mductioD  motor,  tvo  wattmeten 
are  used  to  measure  the  input.     Their  readings  are  1,900  and  800  watts 
respectively.     Both  instruments  are  known  to  be  reading  positive.     What  a 
the  power-factor  of  the  motor  at  this  load? 
Using  equation  (34) 

,      „         ^l.flOQ-800         ^1,100       „,.. 
*^"  "  =  ^1,900  +  800  '  ^2J0O  -  "-"^^ 

6  =  3S.3° 
cos  e  =  COB  35.3°  =  0.815.     Ane. 
This  result  may  be  checked  by  Fig.  90. 

If  a  polyphase  wattmeter  is  used  (page  60,  Fig.  57),  the  adding 
or  subtracting  is  done  automatically,  as  both  elements  of  the 
instrument  act  on  the  same  spindle.     Therefore,  the  polyphase 
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instrument,  if  properly  eoniiectedj  reads  the  total  power  at  all 
times. 

The  two-wattmeter  method  cannot  be  used  to  measure  power 
in  a  three-phase,  four-wire  system  unless  the  current  in  the 
neutral  wire  is  zero.  When  the  current  in  the  neutral  wire  of 
Fig.  91  is  zero,  the  power  is  correctly  indicated  by  Wi  ±  W^. 
Now  apply  load  B'O  bet  ween  line  B  and  the  neutral.  The 
current  to  this  load  will  complete  its  circuit  from  wire  B  through 
the  neutral  without  going  through  the  current-coil  of  either  watt- 


I 


meter.  Ab  neither  wattmeter  can  indicate  thla  additional  load, 
the  two  wattmeters  are  not  sufBcient  to  measure  the  power  in 
such  a  four-wire  system  under  all  conditions  of  load. 

TWO -PHASE  SYSTEMS 

49.  Quarter-phase  or  Two-phase  Systems  (Sometimes  Called 
Four-phase). — Although  three-phase  systems  are  superseding 
other  systems,  there  are  still  many  quarter-phase  or  two-phaao 
systems  in  existence.  The  two-phase  system  is  rarely  used  for 
transmission,  but  is  used  for  distribution  and  in  some  instances 
it  is  specially  advantageous  to  use  two-phase  machines. 

Quarter-phase  current  is  generated  in  the  elementary  gen- 
erator. Fig.  92  (a),  by  two  coils  A  and  B,  90°  apart.  Figure  92 
(6)  shows  the  emf.  waves  generated  by  these  coils.  The  voltage 
of  A  leads  that  of  B  by  90°.  When  one  voltage  is  a  maximum 
the  other  is  zero.  Figure  92  (c>  shows  these  two-phase  voltages 
represented  vectorially. 
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The  two  phases  may  be  carried  along,  insulated  from  each 
other,  to  supply  two  separate  single-phase  circuits  or  they  may 
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d      Generation  of  2-pha8e  power 
A  ^ 


^  B 


(c)   Vector 
representation  of 
2-pha8e  emfs* 


Q  5)  Two-phase  emf.  waves 
Fig.  92. — Phase  relations  of  2-phase  electromotive  forces. 

supply  a  common  load  such  as  an  induction  motor,  Fig.  93. 
The  two  phases  are  entirely  insulated  from  each  other  in  Fig.  93 
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Fig.  93. — Two-phase  circuit  in  which  two  phases  are  insulated. 

and  no  single  load  can  be  applied  between  the  two  phases. 
Moreover,  only  one  value  of  voltage  is  obtainable,  as  the  voltages 
of  the  two  phases  are  equal. 
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If,  however,  the  generator  coils  be  connected  at  their  neutral 
points  and  a  neutral  conductor  carried  along  with  the  other 
conductors,  a  quarter-phase,  five-wire  system  results,  as  shown  m 
Fig.  94  (a).     Moreover,  three  different  voltages  are  available. 


Fio.  04. — -Two-pbaae  intoT-coonected  syBtom  giving  4^phase.  6-wire  systom. 

If  the  voltages  between  the  outer  wires  of  each  phase  be  200 
volts,  then  200, 100  and  141  volta  are  available,  as  shown  in  Fig, 
94  (b).  This  system  is  more  readily  unbalanced  than  the  three- 
phase  system,  which  is  an  objection  to  itsuse.  Another  objection 
is  the  greater  number  of  wires. 


1- 

noaWr. 

XIV, 

/Vj 

I  If  one  end  of  the  coil  A  be  connected  to  one  end  of  the  coil  B, 
three-wire,  two-phase  system  results,  as  shown  in  Fig.  95, 
This  gives  two  different  values  of  voltage,  200  and  283  ( =  200  ■y/2) 
volta.  This  system  is  little  used  because  of  the  considerable 
.amount  of  voltage  unbalancing  which  results,  even  when  moder- 
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ate  loads  are  applied.  It  should  be  noted  that  the  common  wire 
N  carries  a  current  /\/2,  where  /  is  the  current  in  each  of  the 
two  outer  wires. 

141  a 


Fig.  96. — Mesh-connected,  2-phase  winding. 

A  two-phase  alternator  may  have  a  winding  which  consists 
of  four  coils.  These  coils  may  be  connected  in  mesh  as  shown  in 
Fig.  96.  •  This  corresponds  to  the  delta-connection  in  a  three- 


FiQ.  97. — Measurement  of  power  in  an  insulated  2-phase,  4- wire  system., 

phase  system.     As  in  the  case  of  the  delta,  if  these  coils  are  prop- 
erly connected,  the  winding  is  not  short-circuited  on  itself. 
The  line  voltages  are  each  equal  to  the  coil  voltage.    The 
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diametrical  voltages  are  equal  to  \/2  times  the  coil  voltage. 
The  line  currents  are  equal  to  the  \/2  times  the  coil  current, 
because  the  line  currents  are  the  resultant  of  two  equal  currents 
having  90**  phase  difiference. 


r-^wpsism 


Fio.  98. — Measurement  of  power  in  a  2-pha8e  inter-connected  system. 


Fig.  99. — Measurement  of  power  in  a  2-phase,  3-wire  system. 


In  Fig.  96,  the  coil  voltage  is  200  volts,  and  the  diametrical 
voltage  is  200  -\/2  =  283  volts.  The  coil  current  is  100  amp. 
and  the  line  current  is  141  amp.  The  total  kv-a.  capacity  of  this 
system  is 

4  X  200  X  100 


1,000 


=  80  kv-a. 
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Measurement  of  Power  in  Two-phase  Systems. — In  a  two-phase, 
four-wire  system,  connected  as  shown  m  Fig.  97,  the  total  power 
may  be  measured  by  two  wattmeters.  If  the  system  is  inter-con- 
nected, the  loads  must  be  balanced  or  this  method  is  incorrect. 
If,  however,  the  two  phases  are  insulated  from  each  other,  two 
wattmeters  measure  the  power  correctly  regardless  of  unbalance, 
power-factor,  etc. 

If  the  loads  of  a  four-wire  inter-connected  system  are  not 
balanced,  three  wattmeters  must  be  used,  as  shown  in  Fig.  98. 
The  power  is  the  algebraic  sum  of  their  readings.  The  power 
in  a  two-phase,  three-wire  system  may  be  measured  by  two  watt- 
meters connected  as  shown  in  Fig.  99. 
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50.  Rotating-field  Type. — The  generation  of  an  electromotive 
force  in  a  coDductor  may  take  place  with  the  magnetic  field 
stationary  and  the  conductor  moving  through  this  field,  as  in  a 
direct-current  generator,  or  with  the  conductor  stationary  and 
the  field  moving  past  the  conductor.  It  is  merely  necessary  that 
there  be  relative  motion  between  the  conductor  and  the  field.  In 
direct-current  machines,  the  commutator  makes  it  necessary 
that  either  the  armature  be  the  rotating  member,  or  that  the 
brushes  revolve  with  the  field. 

As  alternators  have  no  commutator,  it  is  not  necessary  that 
the  armature  be  the  rotating  member.  Most  commercial  alterna- 
tors have  stationary  armatures,  inside  of  which  the  field  poles 
rotate,  as  shown  in  Figs.  102,  103,  etc.  This  construction  has 
two  distinct  advantages.  A  rotating  armature  requires  two  or 
more  slip-rings  for  carrying  the  current  from  the  armature  to  the_ 
external  circuit.  Such  rings  must  be  more  or  less  exposed,  and 
are  difficult  to  insulate,  particularly  for  the  higher  voltages  of  6,600 
and  13,200  volts  at  which  alternators  are  commonly  operated. 
These  rings  may  become  a  frequent  som'ce  of  trouble,  due  to  arc- 
overs,  short-circuits,  etc.  A  stationary  armature  requires  no 
sUp-rings,  and  the  armature  leads  can  be  continuously  insulated 
conductors  from  the  armature  coils  to  the  bus-bars.  It  is  more 
difiacult  to  insulate  the  conductors  in  a  rotating  armature  than 
in  a  stationary  one,  because  of  centrifugal  force  and  the  vibration 
resulting  from  rotation. 

When  the  field  is  the  rotating  member,  the  field  current  must 
be  conducted  to  the  field  winding  through  slip-rings.  As  the 
field  voltage  seldom  exceeds  250  volts  and  the  amount  of  power 
is  small,  no  particular  difliculty  is  encountered  in  the  operation 
of  such  slip-rings. 

Usually  it  is  difficult  to  get  sufficient  copper  on  the  surface  of 

],  armature.    This  is  particularly  true  with  high-speed,  high. 


^to  armature 
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voltage  machines  having  armatures  of  small  diameter.  Increased 
space  for  copper  may  be  obtained  by  deepening  the  slots.  If 
the  armature  be  the  rotating  member,  the  deepening  of  the  slots 
is  limited  by  the  contraction  of  the  tooth  necks,  as  shown  in  Fig. 
100  (a).  No  such  difficulty  is  encountered  if  the  armature  be 
stationary,  since  the  tooth  necks  increase  in  width  with  the  deep- 
ening of  the  slots,  Fig.  100  (6). 


(a) 


^ 


Fig.  100. — Effect  of  slot  depth  on  the  width  of  tooth  necks  in  a  rotor  and  in  a 

stator. 


ALTERNATOR  WINDINGS 

61.  General  Principles. — The  usual  direct-current  armature 
generates  alternating  current,  and  if  provided  with  properly 
connected  slip-rings,  alternating  current  may  be  obtained  from  it. 
On  the  other  hand,  only  certain  types  of  alternator  windings  can 
be  used  for  direct-current  armatures.  The  ordinary  direct- 
current  winding  is  a  closed  winding  (see  Vol.  I,  page  223),  but 
alternator  windings  may  be  either  open  or  closed. 

The  general  principles  which  govern  direct-current  windings 
hold  also  for  windings  of  alternators.  The  span  of  each  coil 
must  be  approximately  one  pole  pitch;  that  is,  the  two  sides  of 
any  coil  must  lie  under  adjacent  poles.  The  coils  must  be  so 
connected  that  their  electromotive  forces  add. 

Alternator  windings  are  divided  into  several  general  classes. 
There  are  single-layer  and  two-layer  windings,  usually  made  up 
of  former-wound  coils.     Windings  may  be  either  of  the  lap- 
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winding  type,  shown  in  Figs.  101  (a),  104,  108, 112,  and  114,  or  of 

the  wave-winding  type,  shown  in  Fig.  101  (b).  In  the  direct- 
current  machine  the  wave  winding  gives  a  higher  voltage  than  the 
lap  winding,  if  the  numbor  of  series-connected  conductors  and 
other  conditions  are  the  same.  In  the  alternator,  the  wave  and 
lap  windings  give  the  same  voltage,  if  the  nmnber  of  series-con- 
nected conductors  and  other  conditions  are  the  same.  An 
inspection  of  Fig.  101  (a)  and  (b)  shows  that  each  winding  has  the 
same  number  of  series  conductors  between  terminals. 


Fio.   iOl.— Single-phQS 


he  type  of  winding  shown  in  Figs.  101,  104,  111,  etc.,  is  called 
barrel  winding.  The  type  shown  in  Fig.  105  (a)  is  called  the 
spiral  winding.  A  development  of  the  spiral  into  the  chain 
winding  is  shown  in  Figs.  107  and  110. 

62.  Single-phase  Windings. — Figure  102  shows  a  single-phase, 
angle-layer,  half-coil  winding  for  a  four-pole  machine.  This 
machine  has  four  slots  and  four  poles,  making  one  slot  per  pole. 
This  winding  is  called  a  half-coil  winding,  because  there  is  but 
one-half  coil  or  coil-group  per  pole.  The  two  coils  are  shown  con- 
nected in  series,  and  Ti  and  T^  are  the  terminals  of  the  winding. 

Figure  103  shows  the  same  type  of  winding  as  Fig.  102,  except 
that  four  coils  are  now  used.  Therefore,  there  are  two  coil  sides 
per  slot.     This  is  called  a  single-phase,   two-layer,   whole-coil 

Lading.     It  is  called  a  whole-coil  winding  because  there  is  one 
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Fio.  104. — Whole-coil,  2-Iaj'er  winding,  two  slots  per  polo. 
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coil  or  coil-group  per  pole.  The  winding  of  Fig.  102  may  be  ob- 
tained from  Fig.  103  by  swinging  coil  B  into  the  plane  of  coil  A 
and  coil  D  into  the  plane  of  coil  C. 

One  slot  per  pole  is  seldom  found  in  practice,  as  the  surface 
of  the  arniaturc  is  not  economically  used,  and  in  addition  a  poor 
voltage  wave  results.  Figure  104  shows  the  winding  of  Fig.  103, 
except  that  there  aro  now  two  slots  per  pole  instead  of  one.  This 
ia  also  a  two-layer  winding,  aa  there  are  two  coil  sides  per  slot, 
placed  one  above  the  other. 


/gZB] 


C6)Pl.n 


le-phaso,  Single-rango  Spiral  Winding 


V|   p^  p^  p 


Instead  of  making  the  coils  lap  one  another,  as  is  done  in  Fig, 
itM,  the  winding  may  be  placed  on  the  armature  in  the  manner 
shown  in  Fig.  105.  This  is  called  a  spiral  winding.  It  will  be 
observed  that  in  this  particular  winding  the  coils  themselves  have 
a  pitch  less  than  180  electrical  space -degrees.  Notwithstanding 
this  lesser  pitch,  the  winding  is  not  considered  as  having  the 
properties  peculiar  to  a  fractional- pitch  winding.  The  slot 
tjttoaductors  may  be  re-connected  by  barrel-type  end-connections, 
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as  ahown  in  Fig.  105  (c),  without  changing  the  electrical  charac- 
teristics of  the  winding.  This  gives  a  full-pitch,  half-coil, 
barrel  winding.  Therefore,  the  spiral  winding  for  which  this 
can  be  substituted  is  considered  as  a  fuU-pitch  winding.  The 
differential  action  of  the  coil  sides  of  Fig.  105,  due  to  their  not 
having  a  fuU  pitch,  is  taken  into  consideration  by  the  belt- 
factor  constant.     (See  page  121,  Par,  58.) 

The  inside  coil  shown  dotted  at  a  may  be  added  to  the  winding, 
but  it  contributes  so  little  to  the  generated  electromotive  force, 
because  of  its  small  pitch,  that  to  use  it  is  wasteful.  This  wind- 
ing has  but  one  coil-side  per  slot,  so  that  it  is  also  a  single-layer 
winding.  As  the  ends  of  the  coils  may  be  bent  so  that  they  all 
lie  in  a  single  vertical  plane,  as  shown  at  (b),  Fig.  105,  it  is  called 
a  single-range  winding.  Two-  and  three-range  windings  are 
also  used  in  practice.  I 

At   the   present   time,  single-phase   machines   are  aomewhaln 
limited  in  their  field  of  application.     They  are  used  more  OTT 
less  extensively  for  single-phase  railway  electrification  and  for 
some  electric  furnace  work.     Instead  of  building  a  single-phase 
machine  for  these  purposes,  however,  Y-connected,  three-phase 
machines  are  commonly  used,  as  such  machines  are  standard.    I 
Two  phases  of  the  Y  are  used  in  series.    A  spare  phase  is  alsaV 
available.  ^ 

63.  Two-phase  Windings.^Two-phasewindingsaremerelytwo 
single-phase  windings  displaced  90  electrical  space-degrees  from 
each  other  on  the  armature.  If  another  winding  be  added  to 
Fig.  103,  the  coil  sides  of  this  new  winding  being  midway  be- 
tween those  shown  in  Fig.  103,  a  two-phase  winding  results,  as 
shown  in  Fig.  106.  These  two  windings  are  90  electrical  spac&- 
degrees  apart,  so  that  their  voltages  differ  in  time-phase  by  90°. 

Figure  107  shows  a  two-phase  spiral  or  chain  winding^.  This 
is  merely  adapting  the  winding  of  Fig,  105  to  two  phases.  There 
are  now  eight  slots  per  pole  rather  than  six.  As  the  coil  ends 
in  this  winding  must  necessarily  lie  in  two  different  vertical 
planes,  in  order  to  pass  one  another,  the  winding  is  called  a  two- 
range  winding. 

The  chief  advantage  of  a  chain  winding  is  the  considerable 
space  between  the  coil  ends,  so  that  there  is  little  opportunity 
for  electrical  breakdown  at  these  points.     Therefore,  they  are  *■ 
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admirably  adapted  to  high-voltage  machines.     Although  coils  of 
several  different  sizes  must  be  kept  in  stock  as  spares,  a  coil  may 


I  (2)1  I  (3)       I         I   U)       I  I    fil       I 


Fio.  107. — Two-phnse  chain  windine,  B-ranee. 

be  replaced  more  easily  than  it  can  be  in  the  lap  winding,  where  a 
large  number  of  coils  must  often  be  removed  in  order  to  replace 
a  dngle  coil. 


106 
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54.  Two-phase  Lap  Winding. — The  lap  winding  is  the  mi 
common  type  of  alternator  winding-     With  it,  there  are  very  fe' 
limitations  in  the  choice  of  number  of  slots,  pitch,  etc,     Ti 
eoUs  are  all  alike,  requiring  the  minimum  number  of  spares,  and' 
the  winding  is  very  flexible  in  the  matter  of  connections.     For 
example,  with  a  lap  winding  it  is  a  simple  matter  to  change  a 
440-volt  winding  to  one  of  220  volts  by  paralleling. 

To  obtain  a  lap  winding,  more  coils  are  added  to  the  vsrinding 
shown  in  Fig.  103.  The  connections  of  the  coils  of  any  one  phase 
are  almost  identical  with  those  in  the  direct-current  windings 
described  in  Vol,  I,  Chap.  X.  Direct-current  lap  windings  may 
be  used  for  single-phaae  and  for  polyphase  voltages  by  taps  at 
suitable  points,  with  connections  to  slip  rings,  as  is  done  in  the 
synchronous  converter.     (See  page  342,  Par.  138.) 


I 


Figure  108  shows  a  two-phase  lap  winding,  in  which  there  are 
eight  slots  per  pole,  making  four  slots  per  pole  per  phase.  This  is 
a  full-pitch  winding,  the  coil  pitch  being  8  slots,  which  is  the 
number  of  armature  slots  per  pole.  The  connections  of  phase  B 
are  omitted  for  the  sake  of  clearness  as  they  are  identical  with 
those  of  phase  A.  It  will  be  observed  that  the  coil  sides  in  any 
one  slot  are  both  of  the  same  phase.  This  is  not  the  case  witb 
fractional-pitch  windings.  j 

66.  Three-phase  Windings. — The  difference  between  two^ 
phase  and  three-phase  windings  is  merely  in  the  number  of 
phase-belts  per  pole.  Figure  109  shows  the  simple  winding  of 
Fig.  103  adapted  to  three-phase.  For  clearness  the  end  con- 
nections of  phase  A  alone  are  shown.     It  is  necessary  merely 
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add  two  more  windings,  equally  spaced,  between  those  of  Fig.  103 
in  order  to  obtain  a  three-phase  windinR  having  one  slot  per  pole 
per  phase.  The  three  phases  of  Fig.  109  may  be  connected 
either  in  Y  or  in  delta. 


Figure  110  shows  a  three-phase  chain  winding,  in  which  there 
are  six  slots  per  pole,  making  two  slots  per  pole  per  phase.  This 
is  a  two-range  winding,  for  the  coil  ends  in  order  to  pass  one 
another  must  lie  in  two  different  planes  perpendicular  to  the 
machine  shaft.  If  the  number  of  coil  groups  per  phase  is  odd, 
which  occurs  if  the  number  of  poles  is  not  a  multiple  of  four,  coils 
having  one  long  side  and  one  short  side  must  be  used  to  com- 
plete the  winding.  This  occurs  in  the  six-pole  winding  of  Fig. 
110,  in  which  two  coils  d  and  d'  must  be  of  trapezoidal  shape  in 
order  to  pass  the  coil  ends  of  phase  A  and  so  complete  the  winding. 
A  plan  view  of  such  coils  is  shown  at  (a),  Fig.  110.  Six  dif- 
ferent sizes  of  coils  are  required  in  this  winding,  making  it  necea- 
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sary  to  cany  a  considerable  variety  of  spares.  The  connections 
of  the  coils  of  phase  B  only  are  shown,  the  other  phases  being  con- 
nected in  a  similar  manner. 


PbaseB 
»     Phase  A  Phase  C 


FT  W\ 


N 


YT[  fv^  fT 


t"*' 


Ca) 

Fig.  110. — Three-phase  chain  winding,  requiring  special  coils. 

Figure  111  shows  a  three-phase,  full-pitch,  lap  winding,  in 
which  there  are  12  slots  perNpole.  The  coil  pitch  is  therefore 
equal  to  12.     For  clearness  the  connections  of  the  A  phase  alone 


Fio.  111. — Three-phase,  full  pitch,  2-layer,  lap  winding. 


are  shown,  the  connections  of  the  B  and  C  phases  being  similar. 
It  will  be  observed  that  in  this  type  of  winding  the  two  coil  sides 
in  any  one  slot  belong  to  the  same  phase. 
Figure  112  is  similar  to  Fig.  HI,  except  that  the  winding  is 
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now  ^  pitch.  A  coil,  instead  of  having  a  pitch  of  12  slots, 
now  has  a  pitch  of  10  slots,  so  its  spread  is  no  longer  equal  to 
a  fiill  pole-pitch.     This  is  a  fractional-pitch  winding. 

The  advantages  of  this  type  of  winding  are  that  it  improves  the 
wave  form,  there  is  an  appreciable  saving  of  copper  in  the  coil 


Fio.    112. — Three-phftse,    ^-pitch.  2-lfiyer 


ends,  and  the  inductance  of  the  winding  is  reduced,  because  of 
the  lesser  mutual  inductance  between  those  conductors  which  lie 
in  slots  containing  conductors  of  the  other  two  phases.  (See 
Fig.  112.)  The  coil-end  inductance  is  also  reduced  because  of 
the  lesser  length  of  free  oouductor.     Such  windings  generate 


(b)    Fractional  pitch, 
full-pi  Wh  and  in  frautionUil-pitoh 


slightly  less  emf.  than  full-pitch  windings  under  the  same  condi- 
tions, since  the  two  coil  sides  do  not  lie  under  the  same  parts  of 
the  pole  at  any  given  instant  and  therefore  their  emfs.  are  slightly 
less  than  180°  apart.  This  is  illustrated  in  Fig.  113.  Ei  is  the 
emf.  induced  in  the  conductors  comprising  one  side  of  a  coil  and 


ALTERNATING  CURRENTS 


^M  no 

^^V  Bi  is  the  emf.  induced  in  the  conductors  comprising  the  other 

^H  side  of  the  coil.     E,  is  equal  to  Et  numerically  as  each  is  induced 

^H  by  the  same  number  of  conductors  cutting  the  same  flux.     Figure 

^H  113(a)  gives  the  relation  of  the  induced  emfs.  Ei  and  Ej  in  the 

^H  two  coil  sides  respectively,  when  a  full-pitch  coil  is  used.     When 

^^B  one  side  of  a  coil  is  under  a  north  pole  the  other  side  is  in  a  cor- 

^^M  responding  position  under  a  south  pole.     Therefore  the  induced 

^^P  emfs.  are  180°  out  of  phase,  but  the  coil  connection  ia  such  that 
these  emfs.  are  additive  as  shown  in  Fig.  113(a). 
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FiQ.  1  H.^Showiog  winding  and  end  c 


When  a  H  pitch  is  used,  the  coil  spread  is  equal  to  %  X  180° 
or  150  electrical  space-degrees.  The  emfs.  Ei  and  Ei  will  there- 
fore differ  in  phase  by  150  electrical  time-degrees,  as  shown  by 
the  angle  a,  Fig.  113(6).  The  total  emf.  E,  which  is  their  vector 
sum,  ia  slightly  less  than  when  a  full-pitch  coil  is  used. 

It  will  be  observed  that  with  a  fractional-pitch  winding  onh' 
two  of  the  slots  of  each  phase  under  any  pole  contain  coil  sides 
o/  the  same  phase.     In  the  other  slots  the  two  coil  sides  are  o£    , 
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different  phases.  In  Fig.  112,  slots  1  and  2  contain  both  phase 
A  and  phase  C  conductors;  slots  3  and  4  contain  phase  A  con- 
ductors only;  and  slots  5  and  6  contain  both  phase  A  and  phase 
B  conductors.  Of  this  group,  slots  3  and  4  contain  phase  A 
conductors  only.  The  fact  that  certain  slots  contain  conductors 
of  different  phases  reduces  slightly  the  inductance  of  the  winding, 
as  has  already  been  pointed  out. 

Figure  114  shows  a  portion  of  a  finished  armature  winding, 
The  end-connections,  the  binding  down  of  the  coil-ends,  the 
wooden  slot  wedges,  and  the  ventilating  ducts,  are  clearly  shown. 

ALTERNATOR  CONSTRUCTIOK 

66.  Stator  or  Armature. — The  stator  or  stationary  member  of 
the  alternator  is  almost  always  the  armature,  the  field  structure 
l>eing  the  rotating  member  or  rotor.  When  the  machine  is  in 
operation  the  armature  iron  is  continuously  cut  by  the  flux  of  the 
rotating  field  and  must  be  laminated  in  order  to  reduce  eddy- 
current  losses.  In  machines  of  small  diameter,  each  lamination  is 
a  single  circular  punching. 

High-speed  turbo-alternators  have  armatures  of  small  diam- 
eter and  are  usually  built  up  of  single  circular  stampings,  as 
shown  in  Fig.  115.  The  perforations  back  of  the  slots  are  ven- 
tilating channels.  Engine-driven  alternators  must  rotate  at  com- 
paratively low  speeds  and  so  must  have  a  large  number  of  poles, 
and  armatures  of  comparatively  large  diameter.  The  polepieces 
are  made  up  of  laminations  riveted  together  and  are  dovetailed 
to  the  aoaatttre  spider,  as  shown  in  Fig.  116.  The  armature 
is  built  up  of  small  overlapping  segments,  dove-tailed  to  the 
frame  of  the  machine  in  much  the  same  manner  as  the  armatures 
of  engine-driven,  direct-current  generators  are  assembled  {see 
Vol.  I,  page  249,  Fig.  219),  except  that  in  the  alternator  the  arma^ 
ture  laminations  are  a  part  of  the  stationary  member.  Figure 
116  shows  the  general  construction  of  such  an  alternator.  The 
frame  itself  is  usually  a  hollow  box  casting.  This  gives  the  neces- 
sary mechanical  stiffness,  with  the  minimum  weight,  and  the 
space  within  the  frame  allows  a  free  circulation  of  air  for  venti- 
lating purposes.  Figure  117  shows  the  complete  armature  of  an 
engine-driven  generator.  The  ventilating  ducts  and  the  bracing 
of  the  coil  ends  should  be  particularly  noted. 
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large  units  must  be  so  designed  that  they  can  withstand 
only  the  stresses  incident  to  normal  operation,  but  also  the 
rmous  mechanical  stresses  which  occur  at  short-circuit,  due 
;he  attraction  and  repulsion  of  the  armature  currents.  The 
ends,  unless  well  supported,  arc  hkely  to  be  dragged  out  of 
ition  by  electromagnetic  stresses  produced  by  the  short-circuit 
■ents.  This  is  particularly  true  of  turbo-alternators,  whose 
xnal  reactance  is  comparatively  low,  and  whose  short-circuit 


Fio.  117.— Completely- wound 


rents,  therefore,  may  be  of  considerable  magnitude.  Figure 
;  illustrates  the  care  taken  in  bracing  the  coil-ends  in  one  of 
largest  types  of  turbo-alternator. 

Alternator  slots  are  divided  into  two  general  classes,  the  open 
}  and  the  semi-closed  slot.  The  open  slot,  shown  in  Fig.  1 19 
,  is  the  more  common  Ijccause  the  coils  can  be  form-wound 
1  insulated  prior  to  being  placed  in  the  slots,  giving  the  least 
aive  and  most  satisfactory  method  of  wmAm^. 


1 
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iona  of  a  turbo- ulternutur  to  withstaud  si 
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The  aemi-closed   or  overhung   type  of   slot,   shown  in  Fig. 

119  (6),  is  often  necessary,  especially  in  induction  motors. 
The  larger  area  of  tooth  face  reduces  the  air-gap  reluctance  and 
also  reduces  the  tufting  of  the  flux  which  tends  to  produce  ripples 
in  the  electromotive  force  wave.  It  is  usually  necessary  to 
place  the  conductors  in  the  slot  one  at  a  time,  which  is  ex- 
pensive and  uneconomical  of  slot  space.  It  is  also  dilBcult  to 
apply  insulation. 

In  both  types  of  slot  the  conductors  are  usually  held  in  the  slot 
by  wooden  or  fibre  wedges,  as  shown  in  the  figures.  The  effect 
of  the  semi-closed  slot  may 
lie  obtained  by  the  use  of 
open  slots  and  magnetic 
wedges.  These  wedges  are 
only  partly  of  iron  so 
that  the  slot  is  not 
entirely  closed. 

The    internal    tempera- 
tures    of     modern    alter- 


thrqugh 


urbo-alternator. 


built-up  mica  is .  found  to 
be  the  insulation  best  able  to  withstand  the  high-temperatures 
and  high-voltage  stresses  simultaneously.  Such  mica  is  pressed 
ai'ound  the  active  part  of  the  conductor,  forming  a  solid, 
homogeneous  mass. 

The  problem  of  ventilating  a  large  unit  is  not  an  easy  one. 
A  20,000-kw.  unit,  having  an  efficiency  of  96.5  per  cent.,  requires 
700  kw.  to  be  dissipated.  Such  a  unit  might  require  from  60,000 
to  70,000  cu.  ft.  of  air  per  minute.  This  air  is  usually  supplied 
by  separate  blowers,  and  to  remove  the  dirt  and  increase  the 
cooling  properties  of  the  air,  it  ia  often  passed  through  an  air 
washer  consisting  of  a  curtain  of  water.  Figure  120  shows  the 
pa.ssa^  of  the  air  through  the  axial  ductiS  back  of  the  lamina- 
tions (see  Fig.  115}  and  out  through  a  center  radial  duct,  in  a 
turbo-alternator. 

67.  Rotating-field  Structure. — ^From  the  standpoint  of  their 

field  construction,  alternators  may  be  divided  into  three  classes: 

the  very  slow-speed  engine-driven  alternator  (75  to  150  r.p.m.); 

^fa^    medium-speed    belt-driven    and  water-wheel-draftti.  'vrj^ 


(150  to  750  r.p.m.);  and  the  high-s 
3,600  r.p.m.)- 
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turbo-alternator  (750  to 


Via.   121,— Polo  piere  of  n  75  kv-n.,  00- 


The  polos  of  practiciilly  all  salient-pole  generatore  have  cores 
made  up  of  laminations,  Fi^.  121,  in  ordnr  to  retluce  pole-face 
losses.     (Vol.  I,  page  358.)    In  slow-speed  machines,  the  poles  are 


Fia.  12a. — 36-pole  rotor  with  atrip-wound  ooils. 

■  bolted  to  a  cast-iron  spidLT,  Fig.  122,  or  thoy  may  be  dove- 
to  the  spider  in  the  manner  indicated  in  Figs.  116  and  123. 
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At  higher  speeds,  centrifugal  forces  require  that  the  poles  be 
ve-tailed  to  the  spider.     In  small  machines,  the  spider  may  be 


Fio.   123.— Revolv-iue  field  fipi 

Bolid  steel,  as  shown  in  Fig.  123.     The  pole  pieces  dove-tail  to 
is  spider  and  are  wedged  in  by  keys  driven  one  from  each  end. 


Fig.  124,— Twelve- pole,  QOO  r.p.m.  rotor. 
In  the  larger  types  of  generator,  the  spider  is  made  of  steel 
J  riveted  together,  as  shown  in  Fig.  124.     The  poles  are 
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dove-tailed  to  the  spider  in  the  manner  indicated.     The  slots 
in  the  pole  faces  of  this  rotor  should  be  noted.     Damping  or 
amofiisseuT  windings  are  placed  in  these  slots  as  will  be  described  ■ 
later.     (See  page  319,  Fig.  295.)  ■ 

Salient  poles  cannot  be  used  for  high-speed  turbo-generatfwsj 
owing  to  the  large  centrifugal  forces  developed   and    to    the 
excessive  windage.     Therefore,  a  non-salient-pole  rotor  is  used. 
There  are  two  common  types  of  such  a  rotor,  the  parallel-slot 
type  shown  in  Fig.  12.5  and  the  radial-slot  type  shown  in  Fig.  126. 


The  winding  in  the  parallel-slot  type  is  of  strip  copper,  wound'ij 
by  hand  in  the  slots.  The  wires  are  held  in  the  slots  by  i 
of  non-magnetic  metallic  wedges.  There  is  not  sufficient  space 
to  run  the  shaft  through  the  center  of  the  rotor,  so  it  is  bolted  to 
the  ends  by  phosphor-bronze  flanges,  Fig,  125.  These  flanges 
must  be  non-magnetic  or  they  would  short-circuit  the  magnetic 
poles.  The  fact  that  they  are  of  phosphor-bronze  makes  them  ex- 
pensive. This  construction  gives  a  smooth  rotor,  with  little  wind- 
age loss  and  strong  mechanically,  especially  as  regards  the  support 
of  the  coil  ends..  Parallel-slot  rotors  are  seldom  used  except  itam 
two-pole  rotors  in  small  machines.  The  metal  back  of  the  slotel 
becomes  too  small  in  cross-section  to  withstand  the  centrifugal 
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rotor  to  moreV 


forciea,  when  attempt  is  made  to  adapt  this  type  of  rotor 
than  two  poles. 

Figure  126  shows  a  four-polfi,  radial-slot  rotor.  Although  the 
coil-ends  are  not  held  as  strongly  in  this  type  of  rotor  as  they  are 
in  the  parallel-slot  type,  it  is  better  adapted  to  four-pole  and  six- 
pole  rotors,  because  there  is  not  the  reduction  of  iron  section 
back  of  the  slots  with  increase  in  the  number  of  poles,  such  as 
occurs  in  the  parallel-slot  type. 

The  winding  on  these  types  of  rotor  is  caUed  a  distributed 
winding.     (See  Fig.  131.) 

The  field  connections  are  usually  carried  out  through  the  center'' 
of  the  shaft  to  slip-rings.  Two  or  more  carbon  brushes  resting 
on  the  slip-rings  carry  the  current  to  the  winding.  The  excita^ 
tion  voltage  is  usually  120  volts  or  250  volts  and  in  the  larger 
stations  is  supplied  by  bus-bars  devoted  to  excitation  only.  In 
smaller  installations,  the  exciter  is  mounted  directly  on  the  alter- 
nator shaft,  Fig.  127,  or  else  is  belt-driven  from  the  alternator 
shaft.  Large  central  stations  usually  have  a  storage  battery 
floating  on  the  exciter  bus,  and  in  addition,  may  have  steam' 
driven  exciters  to  be  used  in  emergencies. 

ALTERNATOR    ELECTROMOTIVE    FORCES    AHD    ODTPUTS 

68.  Generated  Electromotive  Force.— -Figure   128   (o)   shows 

the  magnetic  flux  between  the  armature  surface  and  a  north 
and  a  south  pole  of  an  alternator.  Assume  that  the  flux  distribu- 
tion is  sinusoidal,  Fig.  128  (6),  the  flux  density  being  a  maximum 
under  the  center  of  the  pole.     Let  B'  be  the  average  value  of 

the  flux  density.     B'  is  equal  to  -  times  the  maximum  value  B. 

.  Let  a  be  a  conductor  cutting  this  flux  with  a  velocity  of  v  cm. 
per  second.     This  conductor  a  has  a  length  of  I  cm.  perpen- 
dicular to  the  plane  of  the  paper. 
The  average  voltage  from  equation  (93),  Vol.  I,  page  217,  is  I 

e'  =  B'MO-*  volts. 

Let  D  be  the  pole  pitch  in  centimeters  ai 
t^des  per  second. 


i 


I 


id  /  the  frequency  ii 
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The  time  in  seconds  necessary  for  the  conductor  a  to  move  the 
distance  D  is  «>  sec.    Therefore,  t;  =  -^  =  20  cm.  per  second. 

The  total  flux  cut  per  pole     0  =  B'lD 

0 


5'  = 


ID 


The  eflfective  voltage  is  1.11  times  the  average,  1.11  being  the 
form  factor  of  a  sine  wave.     (See  Page  10.)     The  effective  in- 


Fio.  128. — Generation  of  alternating  electromotive  force. 

duced  volts  per  conductor,  by  substitution  in  the  above  equation 
for  e' 


e  =  1.11  (j^)z(2/D)10-8  volts. 


If  there  are  Z  conductors  in  series  per  phase,  the  effective  emf . 
per  phase 

E  =  2.22Z0/1O-8  volts.  (36) 

If  the  emf.  wave  is  not  a  sine  wave,  the  factor  1.11,  which  is 
the  form-factor  of  a  sine  wave,  should  be  correspondingly  changed. 

Owing  to  the  fact  that  the  electromotive  forces  in  the  different 
coils  of  a  phase  belt  are  not  in  time-phase  with  one  another.  Fig. 
130,  the  conductor  electromotive  forces  do  not  add  algebraically. 
Therefore  d.  factor  fcj,,  called  the  breadth  factor^  m^uat  b^  \\i\rt<^- 
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duced  to  correct  for  this  relative  phase  displacement.  This 
factor  is  unity  for  a  concentrated  winding  and  is  less  than  unity 
for  a  distributed  winding.  The  table  gives  values  of  kb  for  a  few 
typical  windings. 

Values  op  Breadth  Factor  kb 


Slots  per  pole  per 
phase 


Three-phase 


1.000 

0.966 
0.960 
0.958 


If  fractional  pitch  is  used,  the  electromotive  forces  in  the  two 
coil  sides  are  out  of  phase,  as  shown  in  Fig.  113  (6),  page  109. 
This  again  reduces  the  voltage.  Correction  for  this  may  be  made 
by  multiplying  the  voltage  equation  by  another  factor  kp,  called 
the  pitch  factor. 

Values  op  Pitch  Factor  kp 


Pitch 

Ho 

^ 

H 

H 

H 

H 

kp 

0.985 

0.974 

0.961 

0.946 

0.924 

0.867 

The  complete  equation  becomes 

E  =  2,22kbkpZ<t>flO-^  volts. 


(37) 


Example. — A  six-pole,  three-phase,  60-cycle  alternator  has  12  slots  per 
pole  and  four  conductors  per  slot.  The  winding  is  H  pitch.  There  are 
2,500,000  lines  entering  the  armature  from  each  north  pole  and  this  flux 
is  sinusoid  ally  distributed  along  the  air-gap.  The  armature  coils  are  all 
connected  in  series.  The  machine  is  Y-connected.  Determine  the  open- 
circuit  voltage  of  the  generator. 

The  total  number  of  slots  is  equal  to  72. 

Therefore  the  series  conductors  per  phase 

Slots  per  pole  per  phase  =  72/(6  X  3)  =4.     ^6  (from  table)  =  0.958.  kp  « 
0.961. 

Therefore  the  total  induced  voltage  per  phase 

E  =  2.22  X  0.958  X  0.961  X  96  X  2,500,000  X  60  X  lO"*  =  294 volts. 

As  the  generator  is  Y-connected,  the  terminal  voltage  is 

294\/3  =  510  volts.     Ana. 
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Ordinarily  the  flux  distribution  in  a  generator  is  not  sinusoidal, 
especially  with  salient-pole  machines,  the  wave  being  flat-topped, 
as  shown  in  Fig.  129.  The  electromotive  force  wave  per  con- 
fijiclor  has  the  same  shape  as  the  flux  wave.  If  the  coil  is  a  full- 
pitch  coil,  the  electromotive  forces  in  the  two  sides  of  each  coil 
will  be  180°  out  of  phase  and  of  the  same  magnitude,  aa  these 
coil  sides  both  lie  at  any  instant  in  corresponding  part-s  of  oppo- 
site poles.  Therefore,  the  electromotive  force  wave  of  each  coil 
will  have  the  same  shape  as  the  conductor  electromotive  force 
wave.  If  but  one  slot  per  pole  per  phase  is  used,  the  resulting 
electromotive  force  wave  will  have  the  same  shape  as  the  flux 
I  wave,  which  may  be  flat-topped  as  shown  in  Fig.  129. 


it^pole  machine. 


Figure  130  (a)  shows  a  phase-belt,  consisting  of  four  coils,  of  a 
three-phase  generator  having  12  slots  per  pole,  or  four  slots  per 
pole  per  phase.  The  shape  of  the  electromotive  force  wave  for 
each  of  the  four  full-pitch  coils  forming  one  phase  of  the  winding 
is  the  same  as  the  shape  of  the  flux  wave,  as  is  shown  in  Fig.  130 
(5),  at  1,  2,  3,  and  4.  As  12  slots  represent  180  electrical  space- 
degrees,  180/12,  or  15,  is  the  interval  in  electrical  space-degrees 
between  successive  slots.  Therefore,  the  four  electromotive 
forces  are  15  electrical  time-degrees  apart,  as  shown  in  Fig. 
130  (6).  As  the  coils  are  connected  in  series,  the  resultant  elec- 
tromotive force  is  found  by  adding  the  ordinates  of  the  four 
ihown.     The  resultant  wave,  instead  of  being  a  flat- 


^nvavi 


124 


ALTERNATING  CURRENTS 


topped  wave  like  that  of  the  individual  coil,  is  weU-rounded  and 
ie  very  nearly  a  sine  wave.  This  is  the  reason  that  a  distributed 
winding  gives  a  better  wave  shapethan  a  concentrated  winding. 
With  a  non-salient  pole  rotor,  having  a  distributed  winding, 
Fig.  126,  the  field  coils  lie  in  the  rotor  slots  in  the  manner  indi- 


Pio.  130. — ReBultant  electromotive  force  wave  in  a  4-coU  phase  belt. 

cated  in  Fig.  131  (a).  The  magnetomotive  force  of  each  coil  is 
a  rectangle,  if  the  currents  in  the  conductors  be  considered  as 
concentrated  at  their  centers.  This  is  shown  in  Fig.  131  (6), 
which  gives  the  mmf .  of  a  single  coil.  The  height  of  the  rectangle 
is  equal  to  the  mmf.  of  this  coil,  which  can  be  expressed  in  am- 
pere-turns, gilberts,  or  in  any  convenient  unit.     The  base  of  each 
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rectangle  is  equal  to  the  coU  spread.  In  Fig,  131  (a)  and  (c) 
there  are  three  coUs  per  pole.  Each  coil  produces  a  rectangle  of 
minf.  If  there  are  the  same  number  of  turns  in  each  of  the  three 
coils,  the  height  of  each  mmf.  rectangle  is  the  same.     The  re- 


Fia.   131.— DiBtributed  Geld  windi 


sultant  mmf.  is  found  by  superposing  the  three  mmf.  rectangles, 
as  shown  in  Fig.  131  (c).  The  resulting  magneton^tive  force 
wave  is  "stepped,"  as  shown.  Due  to  fringing,  the  resultant  flux 
wave  is  nearly  sinusoidal,  as  indicated  in  the  figure.     Therefore,  a 


Fid.  132.^ — Connecting  alteraator  coiU  in  Y. 

Ibn-salient  pole  alternator,  having  a  distributed  winding,  has 
usually  a  better  wave  shape  than  a  salient-pole  alternator. 

59.  Phasing  Alternator  Windings. — Three-phase  alternator 
windings  may  be  connected  either  in  Y  or  in  delta.  Instances 
often  occur  in  practice  where  six  leads  come  from  the  machine, 


I 
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these  leads  being  the  three  pairs  of  terminals  from  the  three 
phases.  The  proper  phase  relations  must  be  observed  in  making 
the  connections,  whether  they  are  to  be  connected  in  Y  or  in  delta. 

Let  aa\  bV  and  cc',  Fig.  132,  be  the  three  coil  windings  of  a 
three-phase  machine. 

Assume  first  that  these  three  windings  are  to  be  connected  in 
Y.  First  connect  ends  a  and  b  together.  Measure  Ean,',  the 
voltage  across  their  open  ends.  This  should  equal  \/3  times  the 
coil  voltage.  It  may  be  equal  to  the  coil  voltage,  in  which  case 
one  coil  should  be  reversed.  Next  tie  the  end  c  of  coil  cc'  to 
point  ab.  The  voltages  Eh'c*  and  £«'</  should  each  be  \/3  times 
the  coil  voltage.     If  not,  the  coil  cc'  should  be  reversed. 


a  a 


Ea'i 


Ec 


ce 


(a) 


Yoltage 
Acroai  e'a' 


Ece 
Fig.  133. — Connecting  alternator  coils  in  delta. 


-  If  it  be  desired  to  connect  the  coils  in  delta,  the  ends  a  and  6', 
Fig.  133  (a),  should  first  be  connected.  The  voltage  Ean>j  across 
their  open  ends,  should  be  equal  to  the  coil  voltage.  If  not,  one 
of  these  two  coils  should  be  reversed.  End  c'  of  coil  cc'  should 
then  be  connected  to  b.  The  voltage  £<.«',  across  the  open  ends 
should  be  zero,  as  shown  by  the  vector  diagram  in  (&).  (See 
Par.  46,  Page  83.)  If  this  voltage  is  practically  zero,  the  two  ends 
c  and  a'  may  then  be  closed.  The  voltage  Eea'  may  be  twice  the 
coil  voltage,  as  shown  in  (c).  If  this  is  found  to  be  the  case,  coil- 
cc'  should  be  reversed. 

60.  Rating  of  Alternators. — ^The  rating  of  electric  machinery 
is  determined  in  general  by  its  temperature  rise.  This  tempera- 
ture rise  is  caused  by  the  losses  in  the  machine.  The  PR  loss 
in  the  armature,  due  to  the  load  current,  limits  the  output  of  a 
machine.  This  loss  depends  upon  the  value  of  the  armature 
current  and  is  independent  of  power-factor.  For  example,  100 
amp.  in  a  single-phase j  200-volt  jgenerator  will  produce  the  same 
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I^R  loss  whether  the  load  power-factor  be  unity,  0.4  or  any  other 
value.  The  output  in  kilowattSj  however,  is  proportional  to  the 
power-factor.  If  the  above  generator  is  limited  to  100  amp.,  its 
output  will  be  20  kw.  at  unity  power-factor  but  only  8  kw.  at  0.4 
power-factor.  The  rating  is  20  kv-a.  (kilovolt-amperes)  regardless 
of  power-factor. 

For  the  above  reasons,  alternators  are  ordinarily  rated  in  kilo- 
volt-amperes (kv-a.).  If  a  machine  is  rated  in  kilowatts,  unity 
power-factor  is  assumed,  unless  otherwise  specified.  In  stating 
the  output  of  a  machine  it  is  always  well  to  state  the  power-factor. 

The  rating  of  the  prime-mover  driving  an  alternator  is  inde- 
•pendent  of  the  alternator  power-factor. .  The  same-turbine  could 
be  used  to  drive  a  200-kv-a.  machine  operating  at  0.5  power- 
factor  or  a  100-kv-a.  machine  operating  at  unity  power-factor, 
although  the  first  alternator  would  have  double  the  kv-a.  rating 
of  the  second. 


ALTERWATOR  REGULATION  AND  OPERATION 

Alternator  Regulation. — It  h  shown  in  Vol.  I,  Chap.  XI,  that" 
the  voltage  of  a  shunt  generator  drops  as  load  is  applied.  This 
is  due  to  three  causes:  the  laRa  drop  in  the  armature,  arma- 
ture reaction,  and  the  drop  in  field  current  which  results  from 
the  decrease  in  terminal  volts.  As  commercial  alternators  are 
excited  from  a  separate  source,  there  is  no  decrease  of  field 
current  due  to  the  drop  in  the  alternator  terminal  voltage.  How- 
ever, both  the  /off  o  drop  in  the  alternator  armature  and  armature 
reaction  ordinarily  cause  a  drop  of  terminal  voltage  as  load  is 
applied.  Another  factor  which  causes  the  alternator  voltage  to 
drop  with  application  of  load  is  the  reactance  of  the  alternator 
armature.     This  will  be  discussed  later. 

The  regulation  of  direct-current  generators  is  inherently  better 
than  the  regulation  of  alternators.  For  example,  shunt  gen- 
erators of  commercial  size  regulate  very  closely,  and  it  is  usually 
possible  to  so  compound  a  shunt  generator  that  its  terminal 
voltage  is  practically  constant  at  all  loads.  In  the  alternator, 
the  armature  reactance  drop,  which  is  not  present  in  the  direct- 
current  generator,  and  the  greater  effect  of  armature  reaction, 
result  in  poorer  regulation.  In  addition,  alternators  cannot  be 
compounded  readily. 

The  regulation  of  the  alternator  depends  not  only  on  the  mag- 
nitude of  the  current,  byt  on  the  power-factor  as  well.  A 
knowledge  of  the  regulation  of  an  alternator  at  various  power- 
factors  is  usually  essential,  since  the  amount  by  which  the  voltage 
varies  with  the  load  has  an  important  bearing  on  the  operation 
of  the  system  as  a  whole.  If  the  machine  supplies  incandescent 
lamps,  it  must  regulate  very  closely  or  else  special  regulators  are 
necessary  on  the  lighting  circuits.  Moreover,  alternators  may 
regulate  well  at  unity  power-factor,  while  at  low  power-factora 
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the  regulation  may  be  very  poor,  even  if  the  curreTU  be  the  same  in 
the  two  cases. 

In  the  larger  types  of  alterna,tor,  the  large  values  of  current 
which  result  from  short-cireuit  may  cause  serious  damage  to  the 
machine  and  to  the  system.  The  value  of  this  short-circuit  cur- 
rent is  closely  related  to  the  regulation  of  the  machine,  80  that  a 
knowledge  of  the  regulation  ia  helpful  in  designing  the  circuit 
breakers,  switches,  power-limiting  reactances,  etc. 

It  is  very  desirable,  therefore,  to  understand  the  factors  and 
the  reactions  which  affect  the  regulation  and  the  operation  of 
alternators.  As  it  is  usually  impossible  to  obtain  the  requisite 
loads  for  testing  an  alternator  under  actual  load  conditions,  it 
becomes  necessary,  in  determining  the  regulation,  to  employ 
methods  which  do  not  require  the  actual  loading  of  the  machine. 
These  methods  will  be  described  later. 

61.  Armature  Reactance. — When  a  current  flows  in  the  conduc- 
tors of  an  alternator  armature,  magnetic  lines  are  set  up  around 
these  conductors.  Such  lines  are  indicated  around  the  conduc- 
tors of  one  phase  on  a  smooth-core  armature,  in  Fig.  134.  This 
magnetic  leakage  flux  linking  with  the  current  gives  inductance 
to  the  armature  conductors.  This  inductance  when  multiplied 
by  27r  times  the  frequency 
gives  the  reactance  of  the 
conductors.  Therefore,  al- 
ternating current  flowing 
in  these  conductors  will 
encounter  not  only  resis- 
tance, but  reactance  as  well. 

Figure  135  (a)  shows  the 
conductors  lying  in  a  rather 
deep  and  narrow  slot  of  an 
iron-clad    armature.     The 

current  flowing  in  these  conductors  produces  magnetic  lines, 
whose  path  is  across  the  slot  and  back  through  the  armature  iron, 
as  shown  in  the  figure.  The  reluctance  of  this  local  magnetic 
circuit  lies  almost  entirely  in  the  slot  itself,  as  the  reluctance  of 
that  part  of  the  path  which  hes  in  the  iron  is  practically  negligible. 
A  deep  narrow  slot  will  allow  more  lines  per  ampere-conductor  to 
cross  it  than  the  shallow  and  wider  slot  shown  in  F\?,.  V?i^  Qa^ . 

[ence  an  alternator  with  deep  narrow  slots  w\)i  W^e  ^wk^.*^ 


—Flux  litikod  with 
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higher  armature  reactance  than  one  with  wide  shallow  slots, 
other  conditions  being  the  same. 

A  semi-closed  slot,  like  that  shown  in  Fig.  135  (c),  will  have 
considerably  more  magnetic  flux  per  ampere-conductor  than 
either  of  the  slots  of  (a)  or  (d),  because  of  the  partially  closed 
magnetic  circuit  formed  by  the  overhanging  tooth-tips.  Thus, 
the  reactance  of  a  machine  may  be  controlled  in  part  by  the 
design  of  the  slot.  In  a  smooth-core  armature,  like  that  shown 
in  Fig.  134,  the  armature  reactance  will  be  small  as  compared 
with  that  of  the  slotted  type  of  armature. 

A  certain  amount  of  reactance  is  due  to  the  magnetic  flux  link- 
ing the  coil  ends.  Although  this  is  small  compared  to  the  reac- 
tance due  to  the  slot  linkage,  it  cannot  be  neglected  as  a  rule. 


Fia.  135. — Slot  leakage  flux  which  produc 


reactance. 


It  is  pointed  out  in  Vol,  I,  Chap.  VIII,  that  the  inductance 
varies  as  the  square  of  the  number  of  turns.  This  same  rule 
applies  to  the  conductors  in  alternator  slots.  If  the  number  of 
series  conductors  in  a  slot  is  doubled,  the  reactance  per  slot  is 
increased  four  times,  other  conditions  remaining  unchanged. 

As  the  reactance  is  proportional  to  the  frequency  (X  =  2ir/L), 
the  reactance  of  a  25-cycle  alternator  will  be  considerably  less 
than  that  of  a  60-cycle  alternator,  other  conditions  being  the 
same. 

62.  Armature  Resistance. — The  armature  iron  forms  a  con-  I 
siderable  portion  of  the  path  of  the  flux  which  links  the  armature  J 
conductors,  Figs.  134  and  135.     As  this  flux  is  alternating,  it  is 
accompanied  by  hysteresis  and  eddy-current  losses,  which  occur  I 
in  the  iron  j'mmediately  surrounding  the  slots.     As  this  flux  is  I 
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produced  by  the  armature  current,  the  power  represented  by 
this  loss  must  be  supplied  by  the  armature  current.  The  eddy- 
current  loss  varies  as  the  square  of  the  iiux  density  and  the 
hysteresis  loss  varies  as  the  1.6  power  of  the  flux  density.  As 
the  leakage  flux  is  nearly  proportional  to  the  current,  the  eddy- 
current  loss  varies  as  the  square  of  the  current  and  the  hysteresis 
loss  as  the  1,6  power  of  the  current.  The  combined  loss  varies 
nearly  as  the  square  of  the  current. 

The  effect  of  these  local  iron  losses  is  to  increase  the  total 
loss  due  to  the  flow  of  current  through  the  armature.  As  these 
local  losses  vary  nearly  as  the  current  squared,  their  effect  is 
practically  the  same  as  if  the  resistance  of  the  armature  were 
increased. 

Unless  the  armature  conductors  are  small  in  cross-section,  the 
effect  of  the  slot  leakage  flux  is  to  force  the  current  towards  the 
top  of  the  slot,  so  that  the  current  density  in  the  portions  of  a  con- 
ductor near  the  top  of  the  slot  is  greater  than  in  those  portions 
near  the  bottom  of  the  slot.  This  also  increases  the  effective 
resistance  of  the  armature. 

The  effective  resistance  of  an  armature  ia  therefore  greater 
for  alternating  than  for  direct  current,  due  to  the  alternating  flux 
which  accompanies  the  flow  of  the  alternating  current.  The  per- 
centage increase  depends  to  a  large  extent  on  the  shape  of  the  slots 
and  the  teeth  and  on  the  size  of  the  conductors,  and  ranges  from 
20  to  60  per  cent.  As  the  armature  resistance  drop  is  very  small 
as  compared  with  the  voltage  drops  due  to  armature  reactance 
and  armature  reaction,  considerable  error  in  determining  the 
resistance  introduces  little  error  in  most  computations.  The  ef- 
fective armature  resistance  may  be  measured  by  running  the 
machine  as  a  generator,  with  weak  field  excitation.  The  input 
is  measured  with  the  armature  open-circuited  and  then  short- 
circuited  through  ammeters.  Neglecting  the  change  in  core  loss 
caused  by  armature  reaction,  the  diff^erence  of  input  divided  by 
the  number  of  phases  is  equal  to  the  PR  loss  per  phase.  The 
effective  resistance  per  phase  is  found  by  dividing  this  difference 
of  input  by  the  current  per  phaSe  squared.  A  more  common, 
thoufih  less  accurate  method,  is  to  measure  the  ohmie  resistance 
with  direct  current,  and  to  increase  this  value  by  an  estimated 
fietor,  such  as  40  per  cent.,  to  cover  the  mdeteTOvvtiaXa  Visssa. 
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63.  Armature  Reaction. — In  direct-curreDt  machines,  the  anuar 
ture  ampere-turns  act  on  the  magnetic  circuit  of  the  machine  in 
BUch  a  way  as  to  distort  and  to  change  the  ma^tude  of  the  air- 
gap  flux.  For  a  given  armature  current,  the  direction  and  mag- 
nitude of  this  armature  reaction  depend  on  the  position  of  the 
brushes.  In  an  alternator  practically  the  same  conditions  exist. 
For  a  given  armature  current,  the  magnitude  and  direction  of  the 
armature  reaction  cannot  depend  upon  brush  position,  but  do 


Fia.  136. — DUtortioQ  ol  alternator  flui  by 


depend  on  the  phase  relation  existing  between  the  current  and 
the  voltage  and  hence  on  the  power-factor  of  the  load. 

Figure  136  (a)  shows  the  position  of  an  armature  coil  whose 
sides  are  directly  under  the  pole  centers.  At  this  instant  the 
induced  voltage  in  the  coil  is  at  its  maximum  value.  If  the 
current  is  in  phase  with  this  induced  voltage,  corresponding 
approximately  to  a  load  of  unity  power-factor,  the  current  is  at 
its  maxiranxa  value  at  this  same  instant,  and  flows  in  the  direction 
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shown  in  (c)  and  in  (b).  The  current  flows  in  this  coil  in  such  a 
direction  that  its  magnetomotive  force  acts  downward,  as  shown 
in  (6).  The  effect  on  the  main  magnetic  circuit  of  the  current 
flowing  in  this  coil  is  shown  in  Fig.  136  (c).  The  flux  is  increased 
on  the  right-hand  side  of  each  pole  and  decreased  on  the  left-hand 
side.  Were  there  no  effect  of  saturation,  the  total  flux  would 
not  be  changed,  as  the  increase  on  one  side  of  the  pole  would  be 
balanced  by  the  decrease  on  the  other  side. 


Fio.   137.— Fli 


Figure  137  («)  shows  the  no-loati  flux  distribution  of  an  afterna- 
tor.  The  distribution  is  symmetrical  about  a  vertical  axis.  Fig- 
ure 137  (b)  shows  the  flu.x  as  affected  by  the  single  coil  of  Fig, 
136  (c).  Although  the  total  area  under  the  flux  wave  is  prac- 
tically unchanged,  the  curve  is  now  peaked  on  one  side  and  de- 
d  on  the  other.     This  occurs  also  in  dire.cVcxKteTv^,  ■cft^ctivRs* 
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when  the  brushes  are  in  the  geometrical  neutral  (see  Vol.  I,  pa( 
268,  Fig.  238)  and  cross-magnetization  alone  results. 

It  will  be  observed  in  Fig.  136  that  the  coil  in  question  i 
acting  principally  on  the  intorpolar  space,  whose  reluctance  ial 
high.     Therefore,  in  this  position  the  effect  of  the  coil  ampere- J 
turns  upon  the  magnetic  flux  of  the  generator  is  a  minimui 
This  does  not  apply  to  a  non-salient  pole  machine,  where  the  a 
gap  la  uniform. 

Figure  138  is  a  vector  diagrai 
representing  these  conditions. 
the  mmf.  due  to  the  field  coils,  A  i 
the  mmf.  due  to  the  armature  coil ' 
and  F  is  the  resultant  of  the  two. 
When  the  current  is  in  phase  with  the 
induced  emf .,  the  space  direction  of  the-* 
armature  mmf.,  A,  is  90  electrical  space-degrees  from  the  resultanq 

aif.  F.  It  will  be  observed,  Fig.  138,  that  the  principal  efl'ei 
of  vl  ia  to  distort  the  alternator  flux  or  to  change  it  from  i1 
original  position  practically  without  altering  its  magnitude. 

Figure  138  is  a  space-vector  diagram  of  mmfs.     The  reaultani 
fiiix  is  equal  to  the  mmf.  F  divided  by  the  reluctance  of  the  m! 
netic  circuit.     In  a  non-salient  pole  machine,  where  the  reluctance. 


of  the  air  gap  is  uniform,  ip  may  be  found  in  terms  of  induced' 
emf.  from  the  saturation  curve.  In  salient-pole  machines,  this 
method  is  only  approximate,  as  the  reluctance  of  the  magnetic 
circuit  varies.  The  reluctance  is  a  minimum  when  the  spi 
direction  of  F  is  along  the  pole  centers  and  ia  a  maximui 
the  space  direction  of  F  is  midway  between  pole  centers. 
Figure  139  represents  the  conditions  when  the  current  lags 
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with  respect  to  the  induced  electromotive  force.  When  the  coil 
is  in  position  (1),  Fig.  139  (n),  the  electromotive  force  is  a  maxi- 
tniun,  as  in  Fig.  136.  The  current  is  zero  at  this  instant  because 
it  lags  the  induced  voltage  by  90°.  The  current  does  not  reach 
its  maximum  value  until  the  coil  has  travelled  90  electrical  space- 
degrees  further  and  has  reached  position  (2).  The  coil  then  lie-s 
directly  under  a  south  pole.     It  will  be 

noted  that  the  magnetomotive  force  of      ■•- — J  -     >l 

this   coil   is  downward  and  is  therefore  "  ;; 

in  direct  opposition  to  the  magnetic 
flux  entering  the  south  pole.  There- 
fore, when  the  current  lags  the  induced 
electromotive  force  by  90°,  U  acts  in  direct 
opposition  to  the  main  field.     As  a  result  the  field  U 


giliB  B0°. 


3  materially 

weakened  by  a  lagging  current  and  this  is  accompanied  by  a 
reduction  of  the  induced  electromotive  force. 

This  result  is  similar  to  that  of  moving  the  brushes  forward 
90°  in  a  direct -current  generator.  All  the  armature  ampere-turna 
are  then  demagnetizing,  tending  to  weaken  the  field. 

It  will  be  observed  that  this  coil  is  acting  directly  upon  a  part 
of  the  magnetic  circuit  where  there  is  iron,  rather  than  on  an  inter- 
polar  space.  Therefore,  for  a  given  current  in  the  armature,  the 
coil  in  this  position  has  a  much  greater  effect  upon  the  magnetic 
field  of  the  taachine  than  it  had  at  unity  power-factor,  shown 
in  Fig.  137.     Figure  140  shows  vectorially  the  conditions  which 


ing  90°. 


exist  at  zero  power-factor  or  90°  lagging  current.  The  armature 
reaction  A  acts  in  direct  opposition  to  the  impressed  field  f  i  bo 
that  the  resultant  field  F  is  considerably  smaller  than  Fi. 

Figure  141  shows  the  conditions  existing  when  the  current  leads 
.  the  induced  electromotive  force  by  90°.     Aa  before,  the  cVc^ft.'Ki- 
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motive  force  reaches  its  maximum  value  when  the  coil  aides  arfl 
directly  under  the  pole  centers,  position  (2),  Fig.  141  (a), 
current,  however,  reaches  its  maximum  value  90  electrical  space-'" 
degrees  ahead  of  this  position  or  at  (1).  It  will  be  observed  that 
the  ampere-tuma  of  the  coil  now  assist  or  strengthen  the  main 
field,  as  they  are  acting  directly  in  conjunction  with  it.  The  coil 
again  is  in  the  most  favorable  position  so  far  as  its  effect  upon  the 
magnetic  circuit  of  the  machine  is  concerned.  This  condition 
may  be  represented  by  the  vector  dia- 
, — — ^  gram,  Fig.  142.  The  magnetomotive  | 
'      1  ji^j      T'     force    of   the   field  ampere-turns  is  F\y 

that  of  the  armature  is  A,  and  the  re^-^ 
sultant  magnetomotive  force  is  their  sum  J 
F,  because  the  two  are  acting  in  the  J 
same  direction. 

It  should  be  noted  that  for  a  given  value  of  armature  current, 
the   effect  of   armature  reaction  varies  with  the  power-factor  1 
in  a  salient-pole  type  of  machine,  due  to  the  varying  reluctai 
caused  by  the  salient  poles.     In  a  no n -salient-pole  generator, 
the  air-gap  is  uniform  around  the  periphery  of  the  armature, 
so   that  the  armature  magnetomotive  force  acts  on  a  path  of  | 
uniform  permeance. 

If  the  power-factor  has  other  than  one  of  the  three  values  jui 
illustrated,  the  armature  mmf.  will  add  vectorially  to  the  itf 
pressed  mmf.  according  to  the  phase  angle  existing  between  t 


Fia.  142.  — Vefitor  dio- 
grain  Hhowing  effect  of 
HDnature  reaction  with 
ourrent  leading  by  90°. 


18  tfdegreo«iJ 


current  and  the  induced  voltage.     This  is  illustrated  in  Fig,  14) 
The  direction  of  the  armature  reaction  is  shown  at  a  power-fact 
cos  fl,  the  current  lagging,  9  being  the  angle  between  the  curred 
and  the  terminal  voltage.     F\  is  the  field  mmf.     When  the  c 
rent  is  in  phase  with  the  induced  emf.  the  direction  of  the  b 
ture  reaction  is  along  Ai,  90°  behind  the  resultant  mmf., 


ALTERNATOR  REGULATION  AND  OPERATION 


137 


(See  Fig.  138.)  When  the  current  is  in  phase  with  the  leTminal 
voltage,  the  armature  mmf.  is  along  As,  because  the  terminal 
voltage  lags  the  induced  emf.  by  an  angle  a.  {See  Fig.  145  (b).) 
If  tile  current  lags  the  terminal  voltage  by  0  degrees,  its 
mmf.  must  act  along  A,  $  degrees  behind  Aj.  Combining 
the  mmf.,  A,  with  the  impressed  mmf.,  Fi,  gives  the  resultant 
mmf.,  F. 

Under  the  usual  conditions  of  operation,  the  power-factor  is 
neither  unity  nor  zero.  Hence,  the  armature  reaction  may 
strengthen  the  field  or  may  weaken  it,  according  as  the  current 
leads  or  lags,  and  at  the  same  time  may  distort  it. 

64.  Armature  Impedance  Drop. — In  a  direct-current  generator, 
the  induced  armature  voltage  is  obtained  by  adding  numerically 
the  IR  drop  in  the  armature  and  the  terminal  voltage.  In  the 
alternator,  the  armature  reactance  drop  as  well  as  the  armature 


resistance  drop  must  be  added  to  the  terminal  voltage  in  order  to 
obtain  the  induced  armature  voltage.  These  voltage  drops  must 
be  added  vectorially  to  the  terminal  voltage,  in  order  to  obtain  the 
induced  electromotive  force.  That  is,  the  emf.  induced  in  an 
alternator  armature  is  the  terminal  voltage  plus  the  armature 
impedance  drop,  this  addition  being  performed  vectorially. 

Current  in  Phase  with  Terminal  VoUage.^Figure  144  (a)  shows 
the  conditions  existing  when  the  load  power-factor  is  unity.  V 
is  the  generator  tenninal  voltage  and  /  is  the  armattu'e  current 
in  phase  with  V.  The  IR  drop  in  the  armature  is  in  pha-sc  with 
the  current  /,  R  being  the  effective  resistance  of  the  armature. 
The  IX  di'op  leads  the  current  by  90°  and  is  laid  off  at  the  end 
of  IR.  The  vector  sum  of  these  two  gives  the  IZ  drop  in  the 
armature.  This  impedance  drop  when  added  vectorially  to  the 
ninal  voltage  V  gives  the  electromotive  force  E'  induced  in 
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the  alternator  armature.     The  vector  addition  is  performed  by 
completing  the  parallelogram  having  V  and  IZ  for  its  adjacent 
sides.     The  diagonal  E'  is  the  vector  sura  of  IZ  and  V  and  repre-  ■ 
sents  the  induced  emf.  ■ 

The  same  result  is  obtained  by  adding  the  JR  drop  directly  to  Vf^ 
Fig,  144  (b),  and  then  adding  the  IX  drop,  at  right  angles  to  I  and  * 
leading,  at  the  end  of  IR.  The  vector  addition  in  this  case  is 
made  by  the  use  of  the  triangle  of  vectors  described  in  Chap.  I, 
page  12.  The  impedance  drop  IZ  is  shown  dotted  in  Fig. 
144(6)  as  it  is  not  used  in  obtainir^  E'  by  this  particular 
method. 

It  is  to  be  noted  that  with  a  load  of  unity  power-factor  the 
current  is  in  phase  with  the  termival  voltagCj  but  lags  the  gene- 
rator induced  voltage  by  an  angle  a. 

It  is  a  simple  matter  to  find  E'  if  the  other  quantities  are  known.  | 
E'  is  the  hypotenuse  of  a  right  triangle  of  which  (V  +  IR)  id 
one  side  and  IX  the  other.  fl 


E'  =  ViV  +iny+{IXr  (38) 

Example. — A  60-kv-a.,  220-volt,  60-cycle  alternator  has  an  effective  arma- 
ture resistance  of  0.016  ohm  and  an  armature  reactance  of  0.070  ohm. 
What  ia  its  induced  emf.  when  the  machine  is  delivering  its  rated  current 
at  a  load  power-factor  of  unity? 


r,.,  .       ,         uO,000 

The  current    /  =      '         =  373  amp. 

IR  =  273  X  0.016  =  4.37  volts. 
IX  =  273  X  0.070  =  19.1  volts. 
-  ^(220  4-4.4)'  +  (10.1)=  =  225  volta.     Ans. 


tagi" 


Lagging  Current. — When  the  current  lags  the  terminal  veil 
by  the  angle  fl,  the  same  method  is  employed  to  calculate  the  in- 
duced emf.  Figure  145  (o)  shows  the  current  /  lagging  the 
terminal  voltage  V  by  the  angle  9.  The  IR  drop  is  along  the 
current  vector  /,  and  the  IX  drop  is  in  quadrature  with  /  and 
leading,  as  before.  The  resulting  impedance  drop  IZ  is  then 
found,  being  the  resultant  of  IR  and  IX.  This  impedance  drop 
ia  then  added  vectorially  to  V,  giving  the  armature  induced  emf., 
£'.  It  will  be  noted,  Figs.  144  and  145,  that  the  position  of  the 
armature  impedance  triangle  is  determined  by  the  current 
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not  by  the  generator  voltage.     Therefore,  when  the  current  lags, 
this  impedance  triangle  swings  clockwise  with  the  current. 

As  before,  the  impedance  drop  may  be  added  at  the  end  of  V,  if 
the  proper  phase  relations  are  observed.  The  most  direct  method 
of  finding  the  induced  emf.  E'  is  to  use  the  method  described 
under  the  triangle  of  vectors,  page  12.  IR,  which  is  in  phase 
with  the  current,  is  first  added  vectorially  at  the  end  of  the  ter- 
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minal  voltage  V.  Then  the  reactance  drop  IX,  at  right  angles 
to  the  current  and  leading,  is  added  at  the  end  of  IR.  The 
resultant  voltage  found  by  completing  the  polygon  is  the  induced 
emf.  E.'  This  method  is  illustrated  in  Fig.  145  (b),  where  IR  is 
parallel  to  I  and  IX  is  at  right  angles  to  /  and  leading.  The 
geometrical  solution  of  this  diagram  is  quite  simple.  If  IR  is 
projected  on  the  current  vector  7,  a  right  triangle  of  voltages, 
Obd,  is  formed,  of  which  E'  is  the  hypotenuse.  The  values  of  the 
two  legs  of  this  right  triangle  may  be  found  as  follows: 


^PHu 


Oa  =  T  cos  9 
ab  ^  IR 

aV  =  be  =  Fsin  $ 
cd  =  IX 
=  Vob'  +  W=  =  V(Oa  +  ab)'  +  (be  +  cd)' 


-  ViVc 


S  +  /fi)!+  (Fsinfl  +  /-Y)^ 


le  current  now  lags  the  induced  voltage  E'  by  the  angle  a', 
which  can  be  readily  determined. 


bd 
'  Ob' 


Vswe  +  IX 

V  cos  e  +  ZK 
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'  /Example. — Determine  E'  for  a  load  in  which  the  power-factor  is  0.7, 
current  lagging,  using  the  constants  of  the  example  on  page  138. 

The  rating  of  an  alternator,  as  has  already  been  pointed  out,  depends 
on  the  current  or  kilovolt-amperes  rather  than  the  kilowatts.  Therefore, 
the  current  rating  of  the  generator  will  remain  unchanged,  although  the 
kilowatts  in  this  problem  are  reduced  to  0.7  of  their  former  value. 

cos  e  =  0.70  IR  =  4.37  volts  as  before. 

e  =  45.6** 
sin  d  =  0.714  IX  =  19.1  volts  as  before. 

E'  =  V(220  X  0.70  +  4.4)«  +  (220  X  0.714  +  19.1)«  =  237  volts.     Arts. 

It  is  to  be  noted  that  the  induced  emf .  is  now  higher  than  before, 
although  the  value  of  the  impedance  drop  itself  is  the  same. 
Therefore,  for  a  fixed  value  of  induced  emf.,  the  terminal  volts 
become  less  with  increasing  lag  of  the  current,  even  though  the 
value  of  the  current  remains  unchanged.  This  is  due  to  the  angle 
at  which  the  impedance  drop  subtracts  from  the  induced  emf. 
It  wDuld  be  expected,  therefore,  that  the  regulation  of  an  alter- 
nator would  be  poorer  for  lagging  current. 

At  unity  power-factor,  the  armature  resistance  drop  is  the 
important  factor  in  determinng  the  value  of  E'.  With  a  lagging 
current,  the  resistance  drop  plays  but  a  small   part  and  the 

armature  reactance  drop  becomes  the 
important  factor. 

Leading  Current. — ^Figure  146  shows 
the   alternator  vector  diagram  when 
the  current  leads  the  terminal  voltage 
by  an  angle  6.    As  the  current  changes 
Fig.  146.— Alternator  vec-    its  phase  relation  with  respect  to  the 

cos  JleXi'^^XX'^'"'^^    voltage    F,    the    impedance    triangle 

swings  with  the  current  in  a  counter- 
clockwise direction  about  the  end  of  V.  E'  is  found  in  the  same 
manner  as  in  Fig.  145.  The  voltage  drop  /JK,  parallel  to  the 
current,  is  projected  on  the  current  vector. 

Oa  =  7  cos  ^ 
ah  =  IR 
aV  =  be  =  V  sin  6 
cd  =  IX 

E'  =  VWTW  =  V{Oa  +  aby+  (bc-cd)^  = 

VHV  cos  d  +  IRY  +  (F  sin  6  -  IXy  (40) 
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This  differs  from  equation  (39)  only  in  the  sign  of  IX,  which 
is  now  negative. 

Example. — Repeat    the    foregoing   problem   when    the   power-factor   is 
'   0.7,  current  leading. 

cos  e  =  0.70  IR  =  4.37  volta 

sin  fl  -  0.714  7A'  =  19.1  volts 

E'  =  VTSSO  X  0.70  +  4.4)'  +  (220  X  0.714  -  19.1)>  =  207  volts.     Ana. 

The  induced  pmf,  in  the  armature  is  now  less  numerically 
than  the  terminal  voltage.  This  is  a  condition  which  cannot 
exist  in  a  direct-current  generator.  It  results  from  the  phase 
position  of  the  IZ  drop  with  respect  to  V. 

66,  Alternator  Regulation. — ^The  voltage  E',  as  determined  in 
the  preceding  paragraph,  is  the  voltage  induced  in  the  alternator 
armature  under  load  conditions.  In  practice  it  is  a  quantity 
difficult  to  measure  and  can  be  calculated  only  approximately. 
There  is  no  simple  method  of  making  a  direct  measurement  of 
the  armature  reactance  X.  As  a  matter  of  fact,  it  is  seldom  neces- 
sary to  know  either  the  value  of  fi' or  of  the  armature  reactance  X. 

A  knowledge  of  the  voltage  regulation  is  very  important 
because  it  shows  how  closely  a  machine  will  maintain  its  voltage 
from  no  load  to  full  load,  under  the  various  conditions  of  load. 

If  there  were  no  armature  reaction,  E'  would  be  the  no-load 
voltage  of  the  machine,  just  as  in  a  separately  excited  direct- 
current  generator  the  induced  voltage  under  load  would  be  equal 
to  the  no-load  voltage  if  there  were  no  armature  reaction.  The 
effect  of  armature  reaction  is  to  change  the  value  of  the  magnetic 
flux,  and  this  is  accompanied  by  a  corresponding  change  in  the 
I  value  of  the  induced  cmf.  The  effect  of  armature  reaction  on 
'  the  operation  of  the  machine  is  analyzed  in  the  methods  for 
determining  regulation. 

It  is  usually  impossible  to  find  the  regulation  of  an  alternator 
by  actual  loading,  particularly  in  the  larger  sizes,  until  after  the 
machine  has  been  put  in  service,  and  even  then  it  may  be  difficult 
to  secure  the  desired  adjustment  of  the  load.  To  set  up  a  gen- 
erator for  a  load  test  requires  a  machine  for  driving  purposes, 
and  considerable  power  may  have  lo  be  supplied  and  absorbed. 
With  polyphase  generators  there  is  the  added  difficulty  of  obtain- 
ing a  balanced  load. 
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The  regulation  of  a  machine,  however,  may  be  calculated  with 
I  sufficient  accuracy  from  data  obtainable  from  open-circuit  and 
I  short-circuit  tests.  These  tests  involve  very  little  power  supply 
and  do  not  require  any  power-absorbing  devices.  There  are 
three  common  methods  for  tietermining  regulation,  the  synr- 
ckronous  impedance  or  electromotive  force  method,  the  magnetomotive 
force  method,  and  the  A.  I.  E.  E.  ?nethod.  The  application  and 
limitations  of  each  method  will  be  discussed  in  some  detail. 

66.  Synchronous  Impedance  Method,  or  Electromotive  Force 
Method. — This  method  is  often  called  the  pissimistic  method, 
because  it  gives  a  value  of  the  regulation  pooj-er  than  that  actu- 
ally existing  in  practice. 

The  principle  is  as  follows:  The  armature  reaction  is  combined 
with  the  armature  reactance,  or  what  amounts  to  the  same  thing, 
the  armature  reactance  is  increased  a  sufficient  amount  to  allow 
for  the  effect  of  armature  reaction.  That  this  may  be  done  can 
be  shown  as  follows. 

In  Fig.  147  a  sine  distribution  of  flux  along  the  air-gap  is 
assumed.  The  line  ab  is  the  coil  axis.  When  the  coil  axis  lies 
along  the  pole  axis  oo,  as  is  shown  in  (a),  the  flux  linking  the 
coil  is  a  maximum.  When  the  coil  axis  ab  reaches  position  a'b', 
as  shown  in  (b),  the  flux  linkmg  the  coil  is  zero.  Therefore,  the 
flux  linking  the  coil  varies  with  the  time  and  at  a  frequency  equal 
to  the  frequency  of  the  induced  electromotive  force.  In  position 
(a),  the  flux  Unking  the  coil  is  a  maximum,  and  the  induced  emf. 
is  zero.  In  position  (b),  the  flux  hnking  the  coil  is  zero,  and  the 
induced  emf.  ia  a  maximum.  It  is  seen  that  the  emf.  induced 
in  the  coil  reaches  its  maximum  value  90  electrical  space-degrees 
later  than  the  flux  hnking  the  coil,  and,  therefore,  later  in  time. 
The  flux  linking  the  coil  may  then  be  said  to  lead  by  90°  the 
emf.  which  it  induces. 

As  the  flux  linking  the  coil  and  the  emf,  induced  in  the  coil 
vary  sinusoidaUy  with  the  space  position  of  the  coil,  their 
instantaneous  values  may  be  found  by  means  of  rotating  vectors. 

These  space  relations  are  shown  graphically  in  Fig.  147  (c). 
When  the  coil  axis  ab  Ues  along  the  pole  axis  oo  the  flux  linking 
the  coil  is  a  maximum  and  the  induced  emf.  E'  is  zero.  As  tbe 
coil  axis  ab  moves  to  the  right,  the  flux  (p  linking  the  coil  decreases 
fiZDusoidaJly  and  the  induced  emf.  E'  increases  sinusoidaUy- 
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When  the  coil  axis  ab  reaches  a'b',  midway  between  pole  centers, 
the  flux  linking  the  coil  is  zero  and  the  induced  emf.  E'  is  a 
maximum.  Under  the  conditions  assumed,  the  flux  wave  leads 
the  emf.  wave  by  90°,  as  is  shown  in  Fig.  147  (c). 

These  space  relations  may  also  be  shown  by  rotating  vectors. 
Fig.  147  (rf).  The  vector  i^  is  equal  to  the  maximum -value  of 
the  flux  linking  the  coil,  and  the  vector  E'  is  equal  to  the  maxi- 
mum value  of  the  induced  emf.     Each  position  of  these  two 


■  rotating  vectors  represents  a  difTercnt  position  of  the  armature 
coil  relative  to  the  field  poles.  The  instantaneous  value  of  cither 
quantity,  *  or  E',  is  found  by  projecting  its  vector  on  the  verti- 
cal axis  YY.  It  is  seen  that  the  flux  (p  reaches  its  maximum 
value  90  space-degrees  in  advance  of  the  emf.  E'. 

Figures  147  (c)  and  147  (rf)  are  space-phase  diagrams.  Figure 
147  (c)  shows  the  flux  linking  the  coil  and  the  induced  emf.  in  the 
coil  for  different  space  positions  of  the  coil  as  it  moves  relative 
to  the  field  poles.     Figure  147  (d)  shows  these  same  quantities  as 

ncotating  vectors.  j^g 
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Ordinarily,  the  emf.  and  current  vectors  represent  the  phase 
relations  of  these  quantities  with  respect  to  the  time.  (See 
Chap.  I,  Fig.  5.) 

Although  <^,  the  flux  linking  the  armature  coil,  and  E'y  the 
induced  emf.  in  the  coil,  vary  with  the  space  position  of  the  coil, 
they  vary  also  with  the  time.  When  the  coil  moves  through  360 
electrical  degrees  in  space  with  respect  to  the  poles,  the  emf. 
wave  passes  through  360  electrical  degrees  in  tim>e.  The  time  of 
doing  this  is  l//sec.,  where /is  the  frequency  in  cycles  per  second. 
Therefore,  the  time  required  for  the  coil  to  pass  through  a  given 
niunber  of  electrical  space-degrees  is  equal  to  the  time  required 
for  the  emf.  to  pass  through  an  equal  number  of  electrical  tim£' 
degrees.     For  this  reason  a  space-phase  diagram  and  a  time-phase 
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*;= 


F=BesaUant  Field 


Impressed^        \^ g^^  /^  -  Km  f.  under 

Field 


A 

Fig.  148. — Vector  diagram  of  alternator  mmfs.  and  emf 8. 

diagram  may  often  be  combined,  just  as  the  angular  variation 
of  emf..  Chap.  I,  Fig.  3,  page  4,  was  changed  to  the  time  varia- 
tion of  emf..  Fig.  5,  page  6.  The  space-phase  diagrams  of 
Figs.  147  (c)  and  147  (d)  may  also  be  considered  as  time-phase 
diagrams. 

Figure  148  shows  the  vector  diagram  of  an  alternator,  in  which 
the  current  /  is  in  phase  with  the  induced  emf.  E\  As  F  is  the 
resultant  field,  E'  must  lag  F  by  90°.  It  was  shown  in  Fig.  138, 
page  134,  that  under  these  conditions  the  armatiu'e  reaction  acts 
at  right  angles  to  the  resultant  field,  F.  Therefore,  the  armature 
mmf.,  or  the  armature  reaction  Ay  must  have  a  space  position  of 
90°  behind  the  resultant  field  F.  This  brings  it  in  phase  with  E\ 
and  therefore  in  phase  with  the  current  7,  as  it  should  be  of  course. 
As  F  is  the  resultant  field,  it  must  be  the  vector  simi  of  the  im- 
pressed field  Fi  and  the  armature  reaction  field  A,  as  shown  in 
the  vector  diagram. 
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In  a  non-ealient  pole  machine,  the  space-direction  of  the  resul- 
tant flux  will  be  the  same  as  that  of  the  resultant  mmf.  F.  In  a 
salient  pole  machine,  the  space-direction  of  the  resultant 
flux  uauaUy  is  not  the  same  aa  that  of  the  resultant  mmf.  vector 
F,  due  to  the  fact  that  the  flux  tends  to  seek  the  paths  of  mini- 
mum reluctance.  The  flux  therefore  is  distorted  in  the  direction 
of  the  pole-piecea.  In  salient  pole  machines  this  introduces  errors 
in  the  methods  used  for  predetermining  alternator  regulation. 

If  the  armature  reaction  were  zero,  due  to  there  being  no  load 
on  the  machine,  the  resultant  field  would  obviously  be  the  im- 
pressed field  Fi-  The  no-load  induced  voltage  must  be  90°  behind 
Fi,  as  shown  at  E,  Fig.  148,  because  the  no-load  induced  emf. 
lags  the  no-load  field  by  90°. 

It  will  be  recognized,  Fig.  148,  that  Fi,  F,  A  constitute  a  space 
diagram  of  mmf.  vecbirs  taken  from  Fig.  138.  E'  is  also  a  space 
vector  when  considered  as  being  combined  with  the  mmf, 
diagram  shown  in  Fig.  147  (c)  and  (d).  Aa  the  linking  of  the 
resultant  flux  F  with 
the  armature  coils  also 
varies  with  time,  as 
described  on  page  143,  ' 
F  may  be  considered  as 
being  a  time  vector. 
E'  is  also  a  time  vector, 
just  as  7  and  E  are  time 
vectors,  so  that  it  may 
be  combined  with  them 
also.  Hence,  E'  and  F 
are  connecting  links  be- 
tween the  space  diagram 
of  mmfs.  and  the  time 
diagram  of  currents  and  ° 
voltages.  Therefore,  the 
space  and  the  time  diagrams  may  be  combined  into  the  one 
given  in  Fig.  148. 

When  the  current  lags  the  induced  electromotive  force  by  90°, 
the  armature  reaction  is  in  exact  opposition  to  the  resultant 
field.  (See  Fig.  140,  page  135.)  Figure  149  shows  the  vector 
^am  for  this  condition.     The  current  /  lags  the  induced 
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emf.  E'  by  90°.  The  armature  reaction  A  is  in  phase  with  the 
current,  and  the  resultant  field  F  is  found  by  subtracting  the 
armature  reaction  A  from  the  impressed  field  F\.  E  is  the  no- 
load  voltage  due  to  field  F\. 

In  either  Fig.  148  or  Fig.  149  the  no-load  voltage  E  is  found  by 
adding  vectorially  a  voltage  E'E  to  E',  this  voltage  E'E  always 
being  in  quadrature  with  the  current. 

If  the  voltage  E'E  adds  in  quadrature  with  the  current,  it 
must  be  in  phase  with  the  /,Y  component  of  voltage  already 
discussed.  This  is  illustrated  in  Fig,  150.  The  current  /  is 
shown  lagging  the  terminal  voltage  V  by  an  angle  6.     The  inter- 


nal voltage  of  the  armature  E'  is  found  by  adding  IR  and  ISt^ 
vectorially  to  V.  The  resultant  field  F  is  90°  ahead  of  E'.  Bjfl 
adding  voltage  E'E  to  E',  and  in  quadrature  with  the  current 
I,  the  no-load  voltage  E  is  found.  The  voltage  E'E  does  not 
actually  exist  under  load,  for  E  is  the  no-load  induced  emf,  and 
E'  the  load  induced  emf.  However,  E'E  represents  the  drop 
in  voltage  due  to  the  reduced  flux  caused  by  the  armaiure  reac- 
tion A.  E'E  lags  the  armature  mmf.  vector  —A  by  90°  and 
would  be  proportional  to  —A  if  there  were  no  saturation  of  the 
iron.  E'E  may  then  be  considered  as  an  emf.  induced  by  t 
armature  reaction,  —A.  As  a  matter  of  fact,  however,  E'E  it  a 
fictitious  voltage  which  replaces  the  effect  of  change  in  Jliix  due^M 
armature  reaction. 

It  is  also  evident  that  if  IX  be  increased  in  value  to  IX,,  vfYa 
IX,  =  IX  ■+■  E'E,  E  may  be  computed  without  knowing  J 
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This  assumes  that  the  voltage  E'E  is  always  proportional  to  the 
armature  current,  which  is  not  strictly  true.  The  foregoing  is 
the  principle  of  the  electromotive  force  or  synchronous  impedance 
method.  The  rational  or  general  method  is  first  to  compute  B'. 
Find  from  the  saturation  curve,  the  field  current  F  corresponding 
to  E'.  Add  —A  to  F  vectoiially  to  find  Fi,  and  then  from  the 
saturation  curve  find  E  corresponding  to  the  field  current  Fi. 
One  serious  objection  to  this  method  is  the  difficulty  of  de- 
termining the  armature  leakage  reactance  X.  It  cannot  be 
readily  measured  and  can  only  be  roughly  calculated.  These 
calculations  and  the  general  solution  of  the  diagram  are  both 
laborious.  The  determination  of  the  regidation  is  very  much 
simplified  if  X  be  increased  to  the  value  X„  so  that  E  is 
found  directly  without  knowing  E'.  X,  is  called  the  synchron- 
ous reactance  of  the  alternator.  The  corresponding  impedance 
Z,  ( =  vfi'  +  X,*)  is  called  the  synchronous  impedance  of  the 
alternator. 

The  synchronous  re- 
actance is  determined 
experimentally  as  fol- 
lows: The  saturation 
curve  of  the  alternator, 
E  and  //,  is  first  deter- 
mined in  the  usual 
manner  and  the  curve 
plotted  as  shown  in  Fig. 
151.  The  field  is  then 
made  very  weak  and  the 
alternator  armature  is 
short-circuited  through 
an  ammeter.     The  field 

is  then  gradually  strengthened  and  a  new  curve  of  armature 
current  and  //  is  determined.  The  field  is  increased  until  the 
armature  current  is  almost  twice  its  rated  value.  These  two 
curves  are  shown  plotted  in  Fig.  151. 

Consider  some  value  of  field  current  I'/.  On  open-circuit  this 
field  current  produces  a  voltage  Ei.  On  short-circuit  the  termi- 
nal voltage  of  the  machine  is  practically  zero.  The  voltage  i'l 
does  not  actually  exist  in  the  armature  at  ahott-cYrcuM  \>e.'iBi.x»a 
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of  armatiire  reaction.  (The  voltage  actually  induced  is  E',  Fig. 
152.)  However,  if  the  effect  of  the  armature  reaction  is  replaced 
by  an  armature  reactance  drop,  the  voltage  £^1  may  be  considered 
as  being  entirely  used  in  sending  the  current  /i  through  the  arma- 
ture impedance.     That  is, 

E,  =  7,Z. 
where  Z,  is  the  synchronous  impedance 
of  the  armature.    This  short-circuit  con- 
dition is  represented  vectorially  in  Fig. 
152,  where  7i  is  the  short-circuit  current 
i,  and  Ei  the  assumed  internal  emf.  of  the 
armature.     The  synchronous  impedance 
^''"  drop  is  made  up  of  two  components,  I^R, 
where  R  is  the  effective  resistance  of  the 
where  X,  is  the  synchronous  reactance  of 


armature,  and  IiX, 
the  armature. 

Obviously, 
and 

In  practice  R  is  sn 
almost  in  quadrature 


El 


■■V'z7 


(41) 
(42) 


all  compared  with  Z,  and  they   combine 
30  that 


X.  = 


very  nearly. 


[ai^[ 


The  value  of  the  synchronous  reactance  depends  to  a  li 
extent  upon  the  degree  of  saturation  of  the  iron.  For  exampl 
at  low  saturation  the  armature  mmf.  will  have  a  much  greatef 
effect  on  the  magnetic  circuit  than  if  the  iron  were  saturated. 
Therefore,  under  short-circuit  conditions,  where  the  iron  is  oper- 
ating at  low  saturation,  the  synchronous  reactance  will  be  loo 
large.  The  variation  of  synchronous  impedance  with  field  cur- 
rent is  shown  in  Fig.  151.  As  the  iron  becomes  more  saturated, 
the  synchronous  impedance  decreases.  Under  operating  condi- 
tions, the  iron  is  considerably  more  saturated  than  it  is  under 
short-circuit  conditions.  In  order  to  approach  as  near  as  possible 
to  operating  conditions,  it  is  desirable  to  obtain  the  synchronous 
impedance  at  the  highest  possible  value  of  armature  current,  as 
at  /i,  Fig.  151.  Also,  the  synchronous  impedance  is  determined 
at  very  }ow  power-factor,  corresponding  to  short-circuit  condi 
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tions,  as  ehown  by  Fig,  152,  where  the  angle  a'  between  the  cur- 
rent and  the  etof.  Ei  is  nearly  90°.  Therefore,  the  armature 
current  is  a  maximum  when  the  axes  of  the  armature  coils  are 
almost  opposite  the  pole  centers  as  shown  in  Fig.  139,  page  134, 
As  the  armature  magnetomotive  force  has  its  maximum  effect 
under  these  conditions,  the  value  of  the  synchronous  impedance 
so  determined  is  too  large  for  other  positions  of  the  coil,  as  shown 
in  Fig.  137,  page  133. 

It  will  be  seen  that  the  value  of  synchronous  impedance  deter- 
mined at  short-circuit  is  too  large  and  will  make  the  calcu- 
lated value  of  regulation  too  high.  Therefore,  the  synchronous 
impedance  method  is  called  the  pessimistic  method.  It  is  a  safe 
method  to  use  when  making  a  guarantee,  because  the  machine 
always  regulates  better  than  the  computed  values  indicate. 

The  following  example  will  illustrate  the  use  of  this  method: 

Example. — A  50-kv-a.,  550-volt,  aingle-phase  alternator  has  an  open- 
circuit  electromotive  force  of  300  volts  when  the  field  current  is  14  amp. 
When  the  machine  is  ahort-circui1«d  through  an  ammeter,  the  armature 
current  is  160  amp.,  the  field  current  stil!  being  14  amp.  The  ohmio  resis- 
tance ot  the  armature  between  terminals  is  0.16  ohm.  The  ratio  u!  effective 
to  ohmic  resistance  may  be  taken  as  1.2.  (o)  Determine  the  synchronous 
impedance  of  the  machine,  (b)  The  synchronous  reactance,  (c)  The  regu- 
lation at  O.S  power-factor,  current  lagging. 

50,000       „, 
"550"  =  *"  ^"P- 


The  rated  current  of  the  machine  /  ^ 


(a)  The  synchronoiiH  impedance  Z,  =  t^  =  1.87  o' 
PTbe  effective  resistance  =^  1.2  X  0.16  =  0.192  ohm. 

(6)  X.  =  .V(l-87)»  -  (0.I82V  =  1'8S  ohma. 

(e)  COB  e  =  0.8  Bin  B  =  0.6. 

ftApplfing  equation  (39),  page  139. 


^Ba] 

^H  .B  =  V[(550  X  0.8T+T91  X  0.192)1=  +  1(550  X  0.6)  +  (91  X  1.86)p 
^r        -  ^209,000  +  249,000  =  677  volts. 

^^^  The  definition  of  regidation  for  an  alternator  is  the  same  as  for  a  direct- 
.<«aTTent  generator  (Vol.  I,  page  292,  Par.  199),  namely  the  percentage  rise  in 
voltage  when  rated  load  is  taken  off  the  machine.  As  the  eytichrnnaus 
reactance  was  used  in  the  foregoing  problem,  the  armature  reaction  was 
taken  into  cooaideration,  so  that  the  no-load  voltage  of  the  machine  is  pre- 
lably  677  volts.     Therefore,  the  regulation  ia 


^Hjpuma] 
^r  It 


^'^  ~  ^^°  100  =  il^  100  =  23.1  per  cent.     Arxs. 

550  550 


It  is  to  be  noted  in  the  foregoing  problem  that  ttc  atn^ft.'ww^s 
impedancf  ^,  is  practically  equal  to  tbe  sync\\TQTiow5  tea.'A.&.tv'^a 


J 
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X„  and  in  most  cases  it  may  be  assumed,  without  appreciablff-J 
error,  as  being  equal  to  it. 

67.  Three-phase  Application.— The  preceding  discussion  am 
problems  have  all  been  applied  to  single-phase  generators.     Thi( 
has  been  done  merely  to  illustrate  methods.     Very  poor  resuH 
accompany  the  practical  application  of  these  methods  to  singli 
phase  alternators.     In  a  single-phase  alternator  the  armati 
reaction  is  pulsating,  even  for  a  constant  value  of  armature  cur^' 
rent.     The  flux  in  the  poles  pulsates,  because  of  the  variation  o( 
the  ciu'rent  in  the  armature  coils  as  they  pass  the  poles.     For 
this  reason  the  synchronous  reactance  is  an  indefinite  quantity 
and  calculated  results  of  regulation  with  single-phase  machine!, 
are  far  from  satisfactory. 

In  a  polyphase  machine,  however,  the  armature  reaction 
substantially  constant  if  the  load  be  constant  and  balanced, 
When  the  current  in  one  phase  has  decreased,  the  resultant 
rent  of  the  other  two  phases  has  increased,  etc.  Therefore,  the 
magnetomotive  force  of  the  armature  is  practically  constant  in 
value  and  is  stationary  in  space  with  respect  to  the  field  poles. 
That  is,  if  the  field  poles  rotate,  the  armature  mmt  follows  them 
at  rotor  speed  and  is  practically  constant  in  magnitude  for  a 
fixed  value  of  armature  current.  This  effect  will  be  described 
more  in  detail  under  the  induction  motor. 

Under  these  conditions  the  synchronous  reactance  l>econies  a 
more  definite  quantity  and  more  satisfactory  results  are  therefore 
obtainable  with  these  various  methods  of  testing.  Figure  153  (a) 
shows  the  connections  for  making  the  open-circuit  test  of  a 
three-phase  alternator.  This  is  substantially  the  same  method 
as  is  used  with  direct^current  generators.  The  field  is  excited 
from  some  direct-current  source  and  the  field  current  is  measured 
with  an  ammeter.  The  armature  is  driven  at  the  rated  or  syn- 
chronous speed  and  the  open-circuit  voltage  measured  for  differ- 
ent values  of  field  current.  The  voltage  of  one  phase  only  need 
be  measured  as  the  phase  voltages  should  all  be  equal.  A  fre- 
quency indicator,  F,  may  be  used  for  determining  the  speed  of 
the  machine.  An  additional  resistance,  Ri,  in  the  field  circuit 
is  often  necessary  for  obtaining  the  points  on  the  lower  part  of  the 
saturation  curve. 

In  the  short-circuit  test  all  three  phases  must  be  short-cir- 
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cuited.  There  are  two  metho(is  of  coHnecting  the  ammeters  in 
this  test.  They  may  be  connected  in  Y,  Fig.  153  (b),  in  which 
case  the  ammeters  read  the  line  current  directly,  or  they  may  be 
connected  in  delta,  Fig.  153  (c),  in  which  case  the  line  current  is 
obtained  by  multiplying  the  ammeter  readings  by  \/2  or  1,73, 
/Pith  delta  connection  the  ammeters  need  be  only  about  half  the 


(c)  3h=rl.Clrc>.lt  T«l 
■a.  153. — Connoctioiis  for  makiug  open 


of  BD  alternator. 


^Khe 


range  (1/1.73  or  0.58)  necessary  for  the  Y-connection.  The 
average  of  the  ammeter  readings  is  usually  taken,  although  there 
should  be  but  little  difference  in  the  three  readings. 

In  calculating  the  regulation  of  a  three-phase  alternator,  only 
one  of  its  three  phases  is  considered  when  making  computations. 
The  regulation,  efficiency,  etc.,  of  one  phase  is  determined  and 
machine  being  symmetrical,  the  other  phases  will  have  similar 
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characteristics.  Therefore,  only,  the  single-phase  calculations 
already  described  are  necessary.  Two  conditions  arise,  one  when 
the  machine  is  considered  as  being  Y-connected  and  the  other 
when  it  is  considered  as  being  delta-connected.  In  each  case 
only  coil  values  of  current  and  voltage  are  used. 

68.  Regulation  of  a  Y-counected  Generator. — If  the  machme 
is  considered  as  being  Y-connected,  the  coil  voltage  is  equal  to  the 
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it  chsracteristicB  of  a  1600  kv-a.  altemBtor. 


line  voltage  divided  by  \/3-  The  coil  current  and  the  line 
current  are  the  same.  The  method  of  dealing  with  such  a  prob- 
lem is  illustrated  by  the  following  example: 

Example. — Figure  164  shows  the  open-  and  short-circuit  characteristics 

ot  a  l,500-kv-a.,  2,300-volt,  60-cycle  alternator.  Terminal  volts  and  line 
current  are  plotted  as  ordinates  with  values  of  field  current  as  abscissas. 
Assume  that  the  machine  is  Y-connected.  The  resistance  between  each  pair 
of  terminals  as  measured  with  direct  current  is  0.12  ohm.  Assume  that  the 
effective  reuHtance  is   1.5  times  the  ohmic   resistance.     Determine  the 
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synchronous  reactance  of  the  generator  and  ite  regulation  at  0.S5  power- 
factor,  current  lagging. 

From  Fig.  154,  the  maximum  value  of  the  shortrKiircuit  current  is  1,400 
amp.,  which  is  equal  to  the  coil  current.  This  correaponda  to  240  amp.  in 
the  field,  and  at  240  amp.  field  current  the  open-circuit  terminal  voltage  is 
2,1S0  voltiB.     The  corresponding  coil  voltage  is 

2,180 
^^  — 7^   =  1,260  volts 

Z.  (per  coil)  =  j^?  =  0.90  ohm  =  X.  nearly. 


P 


If  the  resiatance  between  terminala  is  0.12  ohm,  it  includes  two  coils  in 
aeries,  as  the  Y-connection  is  asaumed,  so  that  the  ohmic  resistance  per  coil 
is  0,12/2  =  0.06  ohm.  The  efTective  resistance  per  coi!  is  equal  to  1.5  X 
0.O6  -  0.09  ohm. 

1,500,000  ,       .     , 

—  376  amp.  per  terminal. 

f  The  rated  voltage  per  coil  =  —-j^  =  1,330  volta. 

The  no-load  volts  per  coil  is  found  by  applying  equation  (31(),  page  130. 

cos  fl  =  0850 9  =  31.8° sin  B  =  0.527 

E  =  -\/[(l,330x  0.850)+  {376X  009))'+  [(1,330  X  0.527)  +  (376  X  090)]'" 
=  1,660  volts. 

The  percentage  regulation  per  coil  =  — —  „     ' —  100  =  17.4  per  cent. 

Ans. 
The  open-circuit  terminal  voltage  =  l,560\/3  =  2, 700  volts. 

-m.  .  w  ■       .1  ■       I  2,700   -  2.300 

The    percentage    regulation    iiamg  lliis  value  =  — — „  .^^^    —  —  17.4 


69.  Regulation  of  a  Delta-connected  Generator.— It  is  im- 

pOBsible  to  determine  whctlicr  a  maehinD  is  Y-connected  or  delta^ 
connected  unless  the  winding  itseK  be  inspected.  Fortunately 
it  makes  no  difference,  so  far  as  calculation  of  the  regulation 
is  concerned,  whether  the  machine  be  Y-connected  or  delta- 
connected.  It  may  be  assumed  to  be  either  and  the  result  is 
the  same  if  the  work  is  consistent.  In  the  delta  machine,  the  line 
voltage  and  the  coil  voltage  are  equal,  but  the  coil  current  is  the 
line  current  divided  by  VS-  The  ammeters  connected  in  delta, 
as  shown  in  Fig.  153  (c),  measure  the  coil  current  directly. 

Let  it  be  assumed  in  the  problem  of  the  preceding  paragraph 
that    the   machine   is   delta-connected.     Using   240  amp.,   the 
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same  value  of  field  current  as  before,  the  coil  voltage  in  the  open- 
circuit  test  is  now  2,180  volts,  and  the  corresponding  coil  current 

1,400 
in  the  short-circuit  test  is     y^  =  808  amp. 

The  synchronous  impedance  per  coil 

2,180 


Z.  = 


808 


=  2.70  ohms 


Bm. 


^-Tv^^ 


or  three  times  its  previous  value. 

Figure  155  shows  the  circuits 
of  the  delta  when  the  ohmic 
resistance  is  measured  with  direct 
ciurent.  Let  the  resistance  per 
coil  be  R  and  the  resistance  meas- 
lU'ed  between  any  two  terminals 
be  Ro'     The  circuit  consists  of 

Fig.  155. — Measurement  of  delta  coil     twO    parallel    branches,  One  of  R 
resistance  with  direct  current.  ,  j  xi.       xi.         r  c%rt     i. 

ohms  and  the  other  of  2R  ohms. 


Therefore, 


1=1 +-L 

Rq       R       2R 
R  =  2^^ 


Therefore,  the  ohmic  resistance  per  coil 

R  =  (3/2)  X  0.12  =  0.18  ohm, 

or  three  times  its  previous  value.    This  must  be  increased  50 
per  cent.,  in  order  to  obtain  the  effective  resistance. 

1.5  X  0.18  =  0.27  ohm  effective  resistance. 

The  rated  coil  current  of  the  machine, 

376 


V3 


=  217  amp. 


Applying  equation  (39),  page  139. 

E  = 

V[(2,300X0.85)  +  (217X0.27)]2+[(2,300X0.527)  +  (217X2.7)]2 
=  2,700  volts 

which  checks  the  result  obtained  when  assuming  that  the  machine 
was  Y-connected. 

Therefore,  a  machine  may  be  assumed  to  be  either  F-  or  delta- 
connected  when  it  is  desired  to  calculate  the  regulation. 
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70.  Magnetomotive    Force    Method. — In    the    synchronous 

pedance   method  of  determining  regulation,  a  voltage  was 

bstituted  for  armature  reaction  or  for  a  magnetomotive  force. 

•  the  magnetomotive 

ee   method,  a   mag- 

bomotive     force     is 

Dstituted  for  a  volt- 

3,  this  voltage  being 

3    IX    drop    in   the 

nature  of  the  alter- 

tor.     In  other  words, 

3  armature  reactance    Fig.    156. — Vector    diagram    of    magnetomotive 
.1        J  1     .  force  method  at  unity  power-factor. 

considered  as  being 

•o,  but  the  armature  reaction  is  increased  a  sufficient  amount 

compensate  for  this. 

The  method  involves  a  short-circuit  and  an  open-circuit  test 

J  in  this  respect  is  similar  to  the  synchronous  impedance 


—  A 


.   157. — Open-circuit  and  short-circuit  tests,  magnetomotive  force  method. 

thod.  Figure  156  shows  the  principle  of  the  method.  This 
.gram  is  constructed  for  unity  power-factor.  V  is  the  terminal 
[tage.    To  this  is  added  the  IR  drop,  giviiv^  t\i^  No\\».%<i  N  v 
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A  certain  field  magnetomotive  force  Fi  is  required  to  produce 
this  voltage  V\.  The  value  of  this  magnetomotive  force  in 
terms  of  the  field  current  is  found  on  the  saturation  curve,  Fig. 
157.  CorrespondinR  to  the  value  of  V-,  the  field  current  Fi  is 
found.  Fi  is  laid  off  at  right  angles  to  Fi  and  leading  it,  as  a 
mmf.  leads  by  90°  the  emf,  which  its  flux  induces.  In  the  aborts 
circuit  teat  the  field  current  is  adjusted  until  the  rated  current 
flows.  The  correSfK>nding  value  of  field  current  A  (Fig.  157)  is 
then  read.  The  magnetomotive  force  represented  by  this  field 
current  is  necessary  to  send  rated  current  through  the  armatiue 
reactance  and  at  the  same  time  overcome  the  armature  reaction, 
if  the  resistance  bo  neglected.  This  magnetomotive  force,  A, 
replaces  the  combined  effect  of  the  armature  reactance  and  the 
armature  reaction.  It  is  laid  off  180°  from  the  current  as  shown 
at  —A  in  Fig.  156.  (The  total  mmf.  which  ia  assumed  to  pro- 
duce the  total  voltage  drop  is  +A.  The  component  which  must 
balance  this  mmf.  is  —A.)  The  resultant  magnetomotive  force 
is  F,  which,  at  unity  power-factor,  is  the  square  root  of  the  sum 
of  the  squares  of  Fi  and  —A.  F  is  the  mmf.  which  exists  at  no 
load  under  the  assumptions  made.  The  no-load  voltage  E  lags 
F  by  90°,  Fig.  156,  and  is  found  on  the  saturation  curve  corre- 
sponding to  field  current  F,  Fig.  157. 

To  summarize  the  method  at  unity  power-factor,  the  IR  drop 
is  added  to  the  terminal  voltage,  and  the  field  current  correspond- 
ing to  this  sura  is  found  on  the  saturation  curve.  The  machine 
is  then  short-circuited  and  the  field  current  necessary  to  send 
rated  current  through  the  armature  is  determined.  The  square 
root  of  the  sum  of  the  squares  of  these  field  currents  is  then  found. 
The  value  of  emf.  on  the  saturation  curve  corresponding  to  this 
resultant  field  current  is  assumed  to  be  the  no-load  voltage  of 
the  machine. 

When  the  power-factor  is  less  than  unity,  the  diagram  is  similar 
to  that  shown  in  Fig.  158. 

The  voltage  Vi  is  the  vector  sum  of  V  and  IR.  Its  value  11 
readily  found  by  projecting  these  voltages  on  the  current  vectq 

Thus,  __^ 

r,  =  V{V  cos  e  +  IR)^  +  (V Bill,  6)' 

In  most  cases  a  numerical  addition  of  V  and  IR  ii 
accurate. 
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The  value  of  the  angle  a  may  be  found  by  first  finding  the 
angle  jS. 

.     .       7  sin  ^ 
si^^  =  — 7;— 

a  =  e  -  fi 

a  is  usually  so  small  that  it  may  be  neglected. 
The  vector  Fi  leads  V  by  (90  —  a)  degrees,  but  a  is  so  small 
that  it  may  be  neglected.     The  armature  reaction  vector  —A 
is  180°  from  the  current  vector.     By  geometry  the  angle  between 
—  A  andFi 

X  =  180°  -  (90°  +  /3) 
=  180°  -  (90°  +  e)  nearly 
=    90°  -  ^  nearly 
F 


Fig.   158. — Vector  diagram  of  magnetomotive  force  method,  lagging  current 

By  the  cosine  law, 

F^  =Fi^  +  A^  -  2FiA  cos  (90°  +  6)  (43) 

The  voltage  E  corresponding  to  F  and  found  from  the  satura- 
tion curve,  Fig.  157,  is  the  no-load  voltage  of  the  generator. 

Example. — Take  the  example  of  the  preceding  paragraph.     The  exact 

method   will   first   be   used.     The    machine   will   be  considered   as  being 

Y-connected. 

o  Qnfl 
The  coil  voltage  =  =^  =  1,330  volts. 

V3 

The  IR  drop  is  376  X  0.09  =  33.8  volts. 
cos  e  =  0.85  sin  $  =  0.527 

Vi  =  \/[(l,330  X  0.85)  +  (34)]«  +  [1,330  X  0.527^  =  ^,^^^  ^Q^^'^- 
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=  0.516 


Aigebraic  addition  would  have  given  l,a&4  volts, 
.        ^  1,330  X  0.527 
^"^  ^  1,359 

0  =  ZhV     $  =  Sl.S" 

a  =  31.8°  -  31.1=  -  0.7°  which  is  n^ligible. 

From  Pig.  154,  the  field  current  correaponding  to  1,359  coil  volta,  or 
2,350  volts  on  the  saturation  curve  (3,350  =  l,359v^)  is 
Fi  =  266  amp. 
The   rated    current   of   the   coils    ia   376   amp.     Corresponding   W  this 
current  (Fig.  154)  the  field  current  is  84  amp.  from  the  ahort-circuit  Wat. 
F'  =  266'  +  61'  -  2  X  266  X  84  cos  (90°  +  31.8°) 
F«  =  92,840     F  =  305  amp. 
From  the  saturation  curve,  the  terminal  voltage  correaponding  to  305 
amp.  field  current  is  2,580  volta  across  the  terminals  or  1,490  eoil  volta. 
-  1,330 
1,330 


The  regulation  =  — — r~^^ =  12.0  per  cent. 


Because  of  the  low  saturation  on  ahort-circuit,  a  given  mmf. 
will  produce  a  greater  increase  of  flux  than  an  equal  mmf.  will 
produce  under  operating  conditions,  where  the  iron  is  saturated- 
Therefore,  the  emf.  correaponding  to  a  given  mmf.  at  shorts 
circuit  will  be  much  greater  than  the  emf.  corresponding  to  an 
equal  mmf.  taken  higher  up  on  the  saturation  curve.  This  is 
illustrated  in  Fig.  157,  On  short-circuit,  the  voltage  cA  corre- 
sponds to  the  mmf.  A.  The  additional  voltage  de  corresponda 
to  a  mmf.  fee  equal  to  A,  but  taken  higher  up  on  the  saturation 
curve.  The  voltage  de  ia  obviously  much  less  than  the  voltage 
ab.  Hence,  that  part  of  the  mmf.  A  which  replaces  a 
voltage  ia  too  small  under  load  conditions.  Therefore,  the  no- 
load  emf.  E  found  on  the  saturation  curve  is  too  low,  and  the  repi- 
latioD  as  determined  by  this  method  is  ordinarily  less  than  the 
actual  regulation.  For  this  reason  this  method  is  often  called 
the  optimistic  method.  This  is  illustrated  by  the  foregoing  ex- 
ample, when  the  regulation  as  obtained  by  the  synchronous  im- 
pedance method  is  17.4  per  cent.,  whereas  that  obtained  by  the 
magnetomotive  force  method  is  12.0  per  cent. 

That  part  of  the  mmf.  A  which  actually  is  armature  reaction  U 
too  high  on  short-circuit,  due  to  the  favorable  position  of  the  arma- 
ture coils  with  respect  to  the  field  poles.  As  in  the  synchrcnous 
impedance  method,  this  factor  tends  to  give  too  high  a  value  of 
regahtha.     These  two  sources  of  error  tend  to  oifsct  each  othw 
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in  the  magnetomotive  force  method,  whereas  they  both  produce 
errors  in  the  same  direction  in  the  synchronous  impedance 
method.  Therefore,  the  mmf,  method  usually  gives  results 
clcffier  to  the  actual  regulation  than  the  synchronous  impedance 
method  does.  The  actual  value  of  the  alternator  regulation 
probably  lies  between  the  two  values  just  determined.  Were 
the  saturation  curve  of  the  machine  a  straight  line,  both  methods 
would  give  nearly  the  same  result. 

71.  The  A.  I.  E.  E.  Method.— This  method,  recommended  by 
the  American  Institute  of  Electrical  Engineers,  has  an  advantage 
over  the  other  two  methods,  in  that  the  synchronous  impedance  is 
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la)  Vector  diagrain  for  a  load  of  very  <(>)  Curves  uaed  for  A.  I.  E.  E, 

tow  power-factor.  method. 

Fio.    159.— The  A.  r.  E.  E.  method. 

measured  when  the  machine  is  operating  at  full  voltage,  and, 
therefore,  at  normal  saturation.  This  is  accomplished  by  apply- 
ing a  lead  of  very  low  power-factor,  usually  an  under-exeited  syn- 
chronous motor.  The  vector  diagram  for  this  condition  is  shown 
in  Fig.  159  (a).  F  is  the  terminal  voltage  under  these  conditions, 
E  the  open-circuit  voltage,  and  IX,  the  synchronous  reactance 
tirop  at  rated  current.  As  the  IR  drop  is  small  and  is  nearly  in 
quadrature  with  V,  the  open-circuit  voltage  is  substantially  equal 
to  the  numerical  sum  of  the  terminal  voltage  V  and  IX„  There- 
fore, numerically, 

/z,  =  E  -  y 

^       E  -V 
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X,  is  ordinarily  determined  from  a  no-load  saturation  curve  and 
B,  curve  taken  at  low  power-factor  and  rated  current.     Thus,  in 
Fig.  159  {b),  Oa  is  the  no-load  saturation  curve  and  db  is  a  curve 
taken  at  low  power-factor  and  rated  current.     This  low  jKiwer- 
factor    load    is    ordinarily    obtained    by    using   under-excited 
synchronous  motors  as  the  load.     The  rated  terminal  voltage 
of  the  machine  is  d),  and  when  the  load  is  thrown  off,  the  open- 
circuit  voltage  obviously  becomes  co,  as  the  field  current  remains 
constant. 

The  synchronous  reactance  X„  which  is  practically  equal  to  the 
aynchronoua  impedance,  is  determined  by  dividing  ab  by  the 
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rated  current  of  the  machine,  this  being  the  current  at  which  curv 
db  was  determined. 

„         ac  -  be       ab 

X.            J             J 

When  the  value  of  X,  is  determined,  it  may  be  utilized  I 
finding  the  regulation  in  the  same  manner  as  described  under  tl 
synchronous  impedance  method  of  Pars.  68  and  69. 

If  it  is  not  possible  to  load  the  machine,  the  distance  Od  nu 
be  found  from  a  short-circuit  test  and  the  curve  db  determinf 
from  a  knowledge  of  machines  having  similar  constants. 

The  A.  I.  E.  E.  method  gives  too  large  a  value  of  regulati 
^-             for  machines  having  salient  poles,  as  the  armature  reaction 
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too  large  at  low  power-factors  since  the  coil  is  acting  directly 
upon  the  magnetic  circuit  of  the  generator,  as  has  been  shown 
in  Fig.  139,  page  134. 

From  the  foregoing  it  is  obvious  that  for  a  given  current  the 
regulation  depends  on  the  power-factor.  The  regulation  has  the 
greatest  values  at  low  power-factors,  lagging  current.  At  unity 
power-factor,  the  regulation  is  usually  some  nominal  value,  that 
is,  from  6  to  10  per  cent.  With  leading  current,  the  voltage  tends 
to  rise  as  load  is  applied  and  the  regulation  may  be  zero  or  even 
negative.  Figure  160  shows  three  typical  load  curves  of  an 
alternator,  one  being  taken  at  unity  power-factor,  the  second  at 
0.8  power-factor,  lagging  current,  and  the  third  at  0.8  power- 
factor,  leading  current.     The  regulation  in  each  case  is  as  follows: 

ac  —  ah 
Regulation  = t — 

It  should  be  kept  in  mind  that  for  a  fixed  kilowatt  output  the 
regulation  with  lagging  current  is  even  poorer  than  the  values 
obtained  for  fixed  curreiit  output, 

72.  The  TirriU  Regulator. — An  automatic  voltage  regulator 
of  the  Tirrill  type  for  direct-current  machines  is  described  in 
Vol.  I,  Chap.  XI,  page  306.  An  automatic  voltage  regulator  is 
much  more  essential  in  the  smaller  alternating-current  stations 
than  in  direct-current  stations  The  voltage  changes  in  the  gen- 
erator and  throughout  the  system  are  greater  with  alternating 
current  than  with  direct  current  because  of  the  added  reactance 
drop  in  the  generator  armature,  transformers,  feeders,  etc. 
Alternating-current  generators  cannot  readily  be  compounded 
to  compensate  for  voltage  drop  as  direct-current  generators  are. 

The  Tirrill  regulator  is  also  designed  to  be  used  with  alterna- 
ting-current generators.  As  with  large  direct-current  machines, 
the  regulator  acts  through  the  field  of  an  exciter.  The  under- 
lying principle  of  the  regulator  is  the  same  whether  used  for 
alternating  or  for  direct  current,  the  voltage  being  controlled 
in  each  case  by  the  rapid  short-circuiting  of  the  exciter  field 
rheostat.  Figure  161  shows  the  connections  of  the  alternating- 
current  type  as  applied  to  a  three-phase  alternator. 

There  are  two  control  magnets,  an  alternating-current  control 
magnet  and  a  direct-current  control  magnet. 

The  alternating-current  control  magnet  is  operated  primarUy 
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by  a  potential  winding  connected  across  one  phase  of  the  gen- 
erator, usually  "through  a  potential  transformer.  The  plunger 
of  this  magnet  acta  upon  one  end  of  a  pivoted  lever.  On  the 
other  end  of  the  lever  there  is  an  adjustable  counter  weight  and 
the  lower  contact  of  the  main  contacts. 

The  direct-current  magnet  is  operated  by  a  winding  connected 
acrass  the  exciter  terminals.  The  plunger  of  this  magnet  acts 
upon  another  pivoted  lever.  On  the  other  end  of  this  lever  there 
is  the  upper  contact  of  the  main  contacts,  so  that  these  main 
contacts  are  not  fixed  but  are  "floating,"  A  spring  on  the  con- 
tact end  of  the  lever  tends  to  keep  the  main  contacts  closed. 
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IB  of  alternating-voltage  regulator. 


k 


There  is  a  differential  relay  magnet  just  as  in  the  direct-current 
regulator.  One  coil  of  this  magnet  always  is  connected  across 
the  exciter  terminals  and  the  other  coil  is  connected  across  the 
exciter  terminals  when  the  main  contacts  are  closed.  A  series 
resistance  limits  the  current  in  each  to  its  proper  value.  The 
armature  of  this  relay  magnet,  when  released,  is  pulled  upward 
by  a  spring  and  closes  the  relay  contacts.  These  relay  contacts 
short-circuit  the  exciter  field  rheostat,  A  condenser  ia  shunted 
across  these  contacts  to  minimize  arcing. 

The  field  of  the  exciter  is  first  adjusted  so  that  the  alternator 
voltage  is  about  65  per  cent,  below  normal.  This  weakens  both 
control  magnets  so  that  the  floating  main  contacts  are  closed. 
This  closes  the  circuit  of  the  second  winding  on  the  relay  magnet 
which  opposes  the  other  winding.  The  relay  armature  is  there- 
fore  released  and   the  relay  contacts  closed.     These  conti 
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short-circuit  the  exciter  field  rheostat  and  the  voltage  for  both  the 
exciter  and  the  alternator  rises.  When  the  voltage  has  reached 
the  value  for  which  the  regulator  has  been  adjusted,  the  control 
magnets  open  the  niain  contacts,  the  relay  contacts  open  and  the 
voltage  of  the  exciter  and  the  alternator  both  drop.  The  cycle 
is  then  repeated.  When  in  operation,  the  main  contact-e  and  the 
relay  contacts  vibrate  continuously  so  that  voltage  fluctuations 
are  scarcely  noticeable. 

A  compensating  winding,  supplied  by  the  secondary  of  a 
current  transformer  in  series  with  the  line,  comjrensates  for  line 
drop.  It  increases  the  pull  of  the  alternating-current  control 
magnet  so  that  the  main  contacts  are  drawn  closer  together  and 
the  duration  of  short-circuit  of  the  field  rheostat  is  increased. 

73.  Parallel  Operation  of  Alternators. — The  same  reasons 
which  make  it  necessary  to  operate  direct-current  generators  in 


parallel  (see  Vol.  I,  page  372,  Par.  235)  apply  to  alternators. 
Alternators,  however,  are  made  in  units  of  very  much  greater 
capacity  than  it  is  possible  to  make  direct-current  machines, 
since  there  are  no  commutation  difficulties.  The  largest  single 
alternating-current  unit  at  the  present  time  is  of  50,000  kv-a. 
capacity. 

In  order  to  operate  satisfactorily  in  parallel,  direct^current 
generators  must  have  drooping  voltage  characteristics.  In 
order  that  alternators  may  operate  satisfactorily  in  parallel,  their 
prime  movers  must  have  drooping  speed-load  characteristics. 
Otherwise   the   operation  will  be  unsatisfactory.     The  reason 

f  this  is  asfollowa: 
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Two  alternators  1  and  2  are  operating  in  parallel  as  shown  in 
Fig.  162  (a).  If  they  are  operating  in  parallel  they  must  have 
the  same  frequency  and  the  same  terminal  voltage.  Figure  162 
(6)  shows  the  speed-load  curve  of  each  of  the  prime  movers 
driving  the  alternators.  (Instead  of  plotting  speed  in  r.p.m., 
the  frequency  or  electrical  speed  is  plotted.  For  example,  a 
six-pole  alternator  running  at  1,200  r.p.m.  would  have  the  same 
electrical  speed  as  an  eight-pole  alternator  running  at  900  r.p.m.) 
The  speed-load  curves  of  the  prime  movers  are  determined  by 
their  respective  governors,  if  they  are  steam-,  water-,  or  gas- 
driven  units.  If  motor-driven,  the  speed-load  characteristics 
depend  upon  the  motor  speed-load  characteristics. 

Let  oc,  Fig.  162  (6),  be  the  frequency  at  which  the  system  is 
operating.  By  projecting  horizontally  to  intersect  the  speed- 
load  curves,  the  load  taken  by  each  machine  at  this  frequency  is 
obtained,  oa  is  the  load  on  machine  1  and  ob  is  the  load  on 
machine  2,  as  both  machines  are  operating  at  system  frequency. 
Let  the  field  of  1  be  strengthened  by  means  of  its  field  rheostat. 
At  the  same  time  weaken  the  field  of  2  so  that  the  line  voltage 
does  not  change.  If  these  were  direct-current  generators,  ma- 
chine 1  would  immediately  take  more  load.  But  1  cannot  take 
more  load  tiecause  its  prime  mover  can  deliver  only  the  load  oa 
at  this  frequency.  Machine  2  cannot  drop  any  load  because  its 
prime  mover  can  deliver  only  the  load  ob  at  this  frequency* 
Therefore,  the  kilowatt  load  delivered  by  aUemators  in  parallel 
not  be  shifted  appreciably  by  means  of  the  generator  fields. 

To  change  the  kilowatt  load  of  either  machine,  the  speed- 
characteristic  of  its  prime  mover  must  be  changed.  In  engine- 
driven  units  this  is  done  by  changing'thc  tension  in  the  governor 
spring  or  altering  in  some  manner  the  governing  device.  Assume, 
in  Fig.  162  (fe)  that  it  is  desired  to  make  generator  1  take  the  same 
load  as  2,  The  governor  spring  of  1  is  so  adjusted  that  the  charac- 
teristic of  1  is  raised,  as  shown  in  Fig.  163.  Both  machines  now 
deliver  the  same  load  oa'  at  a  frequency  oc'.  Under  the  conditioi 
shown.  Fig,  163,  the  frequency  oc'  is  higher  than  the  origini 
frequency  oc,  Fig.  162.  If  the  original  frequency  is  to  be  main- 
tained, the  speed-load  characteristic  of  2  must  be  lowered  at  the 
game  time  that  the  characteristic  of  1  is  raised.  Therefore,  to 
adjust  the  load  between  alternators  in  parallel,  the  speed-loa^ 
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characteristics  of  the  prime  movers  must  be  changed.  If  the 
alternators  are  driven  by  shunt  motors,  the  speed-load  character- 
istics of  the  motors  may  be  changed  by  adjusting  the  motor 
field  rheostats.  It  will  be  noted,  in  Fig.  163,  that  the  loads  of 
the  two  machines  are  equal  at  one  frequency  only. 

If  the  prime  movers  had  flat 
a  peed -load  characteristics,  the 
operation  of  the  alternators  would 
be  .unstable.  That  is,  very  small 
disturbances  or  changes  of  fre- 
quency would  cause  very  large 
fluctuations  in  the  kilowatt  load 
delivered  by  each  machine.  This 
condition  would  result  in  serious 
operating  difficulties. 

It   has  been  shown  that  direct-      " 
current  shunt  generators  operating      Fi 
in  parallel  are  in  stable  equilibrium   ^j**' 
KSee  Vol.   1,  page  373,  par.  235). 

jThat  is,  any  circumstance  which  tends  to  throw  machines 
of  -parallel  is  counteracted  by  reactions  opposing  this 
fctendency.  In  the  same  way,  any  action  tending  to  throw 
Uternators  out  of  parallel  is  opposed  by  reactions  which 
ind  to  prevent  the  alternators  pulling  out.  This  is  most 
learly  illustrated  by  the  conditions  existing  when  neither 
jilternator  is  supplying  external  load.  If  the  two  alternators  are 
Xtnsidered  as  a  local  series  circuit,  their  voltages  are  in  opposition. 
tese  voltages  are  represented  in  Fig.  164  by  Ei  and  E^  respec- 
Elively.    El  and  £z  are  equal  and  opposite,  so  that  the  net 


a.  163. — Speed-load  curves  of 
HHtorB  in  parullpl — effect  of 
igiog  governor  contTol. 
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idtage  acting  in  the  local  circuit  of  the  two  alternators  is  zero. 

"herefore,  there  is  no  current  flowing  between  the  alternators, 
juat  as  there  is  no  current  circulating  between  two  batteries 
having  equal  emfs.  and  connected  with  terminals  of  like  polarity 


^■^ogether. 
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Assume  that  tho  prime  mover  of  generator  1  speeds  up  tPmpoi»-l 
rily.     The  internal  induced  voltage  of  this  generator  will  advance  ^ 
an  angle  a  with  respect  to  Ei.     That  is,  Ei  will  advance  to  posi- 
tion E'l.    The  vector  sum  of  the  two  alternator  enifs.  Ei    and 
Es  will  no  longer  be  zero,  but  due  to  the  change  in  their  relative 
phase  positions,  the  vector  sum  of  E'l  and  E^  will  be  Ee.  i 

1^2^, The  result  is  the  same  as  with  the  twOH 

e=]QV.| .  ,  \e=ey.       batteries  of  Fig,  165.    No,  1  has  an  en^M 

r-o.6iilli — — J'r=o.6n    of  10  volts  and  2  has  an  electromotive 
No.  1.  No.  2.       force  of  8  volts.     If  the  load  current  is 

Fio.   165.— BatterieH  in     zero,    the    current    circulating    between 
"""^^  ^ '  these  batteries  is  then  found  by  dividingj| 

the  sum  of  the  two  voltages,  giving  each  the  proper  sign, 
the  sum  of  the  resistances  of  the  two  batteries.     That  ii 
^  10+  (-8 


h 


0.5  +  0.5 


=  2  amp. 


In  the  same  way,  the  current  circiolating  between  the  two  J 
alternators  ia  the  resvUant  voltage  divided  by  thfi  sum  of  t 
impedances  of  the  two  machines. 

„g'i+g,_  E^ 


(4^ 


\/(Ri  +  R-iY  +  (Xi  +  x,y 
Where  Zi,  Zj,  Ki,  fij,  and  Xi,  Xj,  are  the  respective  impedanct 
resistances  and  reactances  of  the  two  machines.  As  the  reaiiij 
tance  of  an  alternator  armature  is  very  small  compared  to  k 
reactance,  this  circulatory  current  will  lag  by  an  angle  fi,  neai 
90°,  with  respect  to  the  voltage  Eg  producing  it,  as  shown  in  I 
164. 

It  will  be  observed  that  h  is  nearly  in  phase  with  the  volta 
E'l.  Therefore,  it  puts  a  power  load  on  generator  1,  and  thfa" 
tends  to  slow  down  this  generator.  On  the  other  hand  I^  is 
nearly  180°  from  £2,  that  is,  it  ia  acting  in  oppoaition  to  £j.  There- 
fore, /o  develops  motor  action  in  generator  2,  as  the  induced 
electromotive  force  acts  in  opposition  to  the  current.  This  motor 
action  tends  to  speed  up  machine  2.  Therefore,  if  two  altematori 
in  parallel  attempt  to  pull  out  of  step,  a  current  is  developed  whiti 
circulates  between  ike  two  machirtes.  This  current  tends  to  aceel^ 
ate  the  lagging  machine  and  to  retard  the  leading  machine,  and  j 
lo  prevent  the  alternators  from  pulling  out  of  synchronism. 
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If  the  machines  are  operating  under  load,  /q  merely  puts  more 
load  on  the  machine  which  tends  to  lead  and  takes  load  ofE  the 
machine  which  tends  to  lag.  This  last  machine  will  not  ordinarily 
operate  as  a  motor,  as  it  did  under  no-load  conditions,  but  as  its 
load  ia  reduced  its  angular  position  will  be  advanced. 

Because  Iq  tends  to  hold  the  two  machines  in  synchronism,  it 
is  called  the  synchronizing  current. 

It  has  already  been  stated  that  changing  the  field  current  does 
not  vary  the  distribution  of  load  between  two  alternators.  How- 
ever, it  does  affect  the  current  delivered  by  the  two  machines. 
Figure  166  (a)  shows  the  vector  diagram  for  two  similar  alter- 
nators having  a  common  terminal  voltage  V.  Both  machines  are 
delivering  equal  currents  /i  and  /*  respectively,  which  are  in 

^^'    ■  ^-   w 

,    166, — Vector  diugmii]  of  currents  and  voltages  when  altomatora  operate 
ia  purullel. 

phase  with  the  terminal  voltage  V.  The  resultant  load  current 
is  their  sum  /',  which  is  in  phase  with  V.  As  both  machines 
have  equal  resistances  and  reactances,  their  respective  internal 
voltages  El  and  E^  are  the  same.  (In  this  diagram  the  machines 
are  treated  with  reference  to  the  external  circuit  in  which  case 
the  voltages  and  currents  are  acting  in  conjunction.) 

Let  the  field  of  generator  1  be  weakened  and  that  of  2  be 
strengthened.  It  has  already  been  shown  that  this  cannot  affect 
the  division  of  the  kilowatt  load  between  the  machines.  When 
the  field  of  generator  1  is  weakened,  its  internal  voltage  dea-eases 
and  when  the  field  of  2  is  strengthened,  its  internal  voltage 
increases.  Now  both  machines  must  continue  to  have  equal 
terminal  voltage.  It  has  already  been  shown  that  if  a  machine 
delivers  a  leading  current,  its  internal  voltage  ia  less  than  when 
the  machine  delivers  a  lagging  current.  (See  par.  64,  page  137.) 
Moreover,  a  leading  current  in  an  alternator  tends  to  strengthen 
the  field  and  a  lagging  current  tends  to  weaken  the  field,  ^Vhovi.^ 
armature  reaction. 
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For  generator  1  to  operate  with  a  reduced  internal  voltage  it 
must  deliver  a  ieading  current,  making  Ei,  shown  in  Fig.  16ftj 
(b),  less  than  its  previous  value  shown  in  Fig-  166  (a).  On  tl 
other  hand  Es,  Fig,  166  (6),  is  greater  in  magnitude  than  in  Pig; 
166  (a)  because  generator  2  now  delivers  a  lagging  current? 
Also  the  leading  current  in  generator  1  tends  to  strengthen  its 
field  and  the  lagging  ciu-rent  in  generator  2  tends  to  weaken  its 
field,  through  armature  reaction.  In  both  cases,  the  change  of 
flux  produced  by  change  in  field  current  is  opposed  by  armature 
reaction.  The  load  current  /'  cannot  change  in  phase  or  in  mag- 
nitude, as  the  phase  and  magnitude  of  /'  is  determined  entirely 
by  the  character  of  the  load  which  is  connected  to  the  system. 
Therefore,  since  7i  and  It  are  equal,  they  must  make  equal  angled 
with  V  so  that  their  resultant  /'  will  still  he  along  V.  ' 

It  wiU  also  be  observed  that  each  machine  is  carrying  a  larger 
current  than  it  did  before  and  yet  the  kilowatt  output  of  each 
has  not  changed.  This  means  that  the  heating  (PR)  loss  in 
each  machine  has  been  increased  without  any  compensating  ad- 
vantages. Therefore,  this  is  not  the  best  condition  of  operation. 
Figure  167  shows  the  diagram  of  Fig.  166  (6)  with  the  voltage 
drops  eliminated.  Ef,  is  now  the  diference  of  Ei  and  E^,  and  h, 
the. circulating  current,  lags  Eo  by  nearly  90°  as  in  Fig.  165.  It 
will  be  observed  that  /o  is  nearly  in  quadrature  with  the  terminal 
voltage  V  so  that  it  transfers  practically  no  power  from  one 
^  machine  to  the  other.     Th^i 

Bubstaiftiates  what  has  al' 
ready  been  demonstrated, 
that  changing  the  field  cur- 
rent cannot  transfer  appre- 
167.— Vector  disBrani  ahowiiig  ciable  load  from  One  machine 
■  n  upon  alMrnat/ff  circu-    ^q  t^g  ^^i^^j. 

74.  Synchronizmg. — Befoi 

direct-current  generators  can  be  safely  thrown  in  parallel, 
conditions  must  be  fulfilled.     The  two  terminal  voltages  must 
equal,  or  substantially  so,  and  the  proper  polaritymust  be  observ* 

These  same  two  conditions  must  be  fulfilled  when  alternators 
are  connected  in  parallel.  The  equality  of  voltages  can  be  readily 
determined  by  connecting  a  voltmeter  first  to  one  machine  and 
iien  to  the  other.     The  voltmeter,  when  so  connected,  does  n< 
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give   any  indication   as  to   polarity,  as  the  indications  of  an 
altemating-cuiTont  voltmeter  are  independent  of  its  polarity. 

Lamps,  however,  can  be  used  to  determine  the  correct  polarity. 
Figure  168  shows  the  connections  for  phasing  a  three-phase  alter- 
nator with  the  bus-bars.  A  lamp  is  connected  across  each  pole 
of  the  three-pole  switch  which  connects  the  machine  to  the  line. 
The  voltage  rating  of  the  lamps  should  be  15  per  cent,  greater 
than  that  of  the  machine  or  hue.  For  example,  if  the  system  is 
220  volts,  two  115-volt  lamps  in  series  may  be  used  across  each 
pole,  although  these  lamps  will  be  subjected  to  overvoltage  dur- 
ing a  part  of  the  synchronizing  period.     If  the  machines  are 
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dark"  method  of  syuohromzmg  with  lamps. 


properly  connected,  the  three  lamps  should  all  become  bright  and 
dim  together.  U  they  brighten  and  grow  dim  in  sequence,  it 
means  that  the  phase  rotation  of  the  two  machines  is  opposite, 
BO  that  one  phase  must  be  reversed. 

The  lamps  flicker  at  a  frequency  equal  to  the  difference  in  the 
frequencies  of  the  two  machines.  As  the  machines  approach 
synchronism  the  flicker  becomes  slower  and  slower.  When  the 
lamps  are  all  dark  the  switch  may  be  closed.  The  fatl  W?A.  VW 
lamps  are  sU  dark  indicates  that  the  potentiaV  diSetentt\>*i^.'«e^^ 
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each  switch  blade  and  its  clip  is  nearly  zero  and  the  two  altera 
tors  are  in  opposition  so  far  as  their  local  aeries  circuits  are  coffil 
cemed.     Two  points  across  which  the   potential  difference  i»m 
zero  may  be  connected  without  any  resulting  disturbance 
that  the  switch  may  now  be  safely  closed  and  the  two  alternators^ 
are  in  parallel. 

The  disadvantage  of  this  method  is  tliat  lamps  are  dark  eveill 
although  a  very  considerable  voltage  may  exist  across  thew^ 
terminals,  and  the  machines  may  be  connected  jfi  parallel  there 
fore  when  considerable  voltage  difference  exists  between  then 
This  may  do  no  harm  with  slow-speed  or  small-capacity  unita^ 
but  with  high-speed  turbo-units,  which  have  little  armatui 
reactance  and  are  quite  "sensitive,"  there  may  be  considerald 
disturbance  if  there  exists  a  substantial  phase  difference  at  thij 
time  of  connecting  in  parallel.  Aaother  objection  to  thi 
"three  dark"  method  is  that  the  lamps  do  not  show  whether  ti 
incoming  machine  is  fast  or  slow. 

The  foregoing  difficulties  may  be  in  part  eliminated  if  the  c 
nections  of  two  of  the  lamps,  as  1  and  2,  Fig.  169,  be  cr06 


iphmniTJtig   J 


When  the  machines  are  in  synchronism,  1  and  2  are  bright  and  3 
is  dark.  As  one  of  the  bright  lamps  is  increasing  and  one  is 
decreasing  in  brilliancy  near  the  point  of  synchronism,  it  is  possi- 
ble to  determine  very  accurately  the  instant  at  which  the  switch 
should  be  closed.  This  is  called  the  Siemens-Halske  or  "two 
bright  and  one  dark"  method.  By  noting  the  sequence  of 
brightness  of  the  lamps,  it  can  be  determined  whether  the  incom- 
ing machine  is  fast  or  slow. 

The  best  method  is  the  use  of  the  synchronism  indicator  or 
Bviichroscope  described  in  Chap.  Ill,  page  71.     Such  aninatru-J 
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ment  shows  very  accurately  the  position  of  synchronism.  The 
synchroscope  is  connected  across  but  one  phase.  It  is  possible 
that  one  phase  of  each  machine  may  be  in  synchronism,  but  the 
other  two  out  of  phase  due  to  wrong  phase  rotation.  The  cor- 
rect phase  rotation  must  be  determined  by  lamps  or  by  other 
means  before  depending  entirely  upon  the  synchroscope.  Syn- 
chronizing lamps  are  often  used  in  conjunction  with  a  synchro- 
scope so  that  the  operator  has  a  check  on  the  instrument. 

75,  Hunting  of  Alternators. — The  driving  torque  of  a  recipro- 
cating engine,  or  of  a  gas  engine,  is  not  uniform  during  a  revolution 
of  the  fly-wheel,  but  varies  from  zero  at  the  dead  centers  to  a 
maximum  at  some  intermediate  position.  Even  with  a  heavy 
fly-wheel,  this  variation  of  torque  may  impart  impulses  to  the 
induced  emf.,  causing  it  to  be  ahead  of  its  proper  position  at  some 
instants  and  behind  it  at  other  instants.  This  causes  heavy  syn- 
chronizing currents  to  flow  between  machines  in  parallel  and 
often  causes  their  rotating  members  to  "oscillate"  as  they  are 
rotating.  The  angular  effect  of  the  crank  position  can  be  appre- 
ciated when  it  is  realized  that  in  a  60-pale  alternator  a  dis- 
placement of  one  mechanical  or  space-degree  in  the  rotating 
member  makes  a  diffference  of  30  electrical  degrees  in  the  phase 
angle  of  the  electromotive  force.  The  above  impulses  are  often 
communicated  to  the  system,  causing  synchronous  motors  and 
converters  to  oscillate.  These  oscillations  are  called  "hunting." 
Hunting  may  become  serious  if  the  engine  governors  have  a 
natural  frequency  of  oscillation  nearly  the  same  as  that  of  the 
machine  rotors.  The  oscillations  may  then  become  cumulative 
and  may  even  cause  the  machines  to  go  out  of  synchronism. 

Remedies  for  hunting  are  to  use  heavy  fly-wheels,  to  put  dash- 
pots  on  the  engine  governors,  and  to  use  amortisseur  or  squirrel- 
cage  windings  around  the  fleld,  such  as  is  shown  in  Fig.  295, 
page  319.  Where  several  engine-driven  units  are  used,  they  are 
often  paralleled  when  their  cranks  occupy  different  angular 
positions.  This  minimizes  the  effect  of  the  engine  impulses  on 
the  system,  although  their  effect  is  increased  in  the  local  inter- 
change currents  between  generators. 


CHAPTER  VII 
THE  TRANSFORMER 

The  static  transformer  is  a  device  for  transferring  electrical 
energy  from  one  alternating-cm*rent  circuit  to  another  without  a 
change  in  frequency.  This  transference  is  usually,  but  not 
always,  accompanied  by  a  change  of  voltage.  A  transformer 
may  receive  energy  at  one  voltage  and  deliver  it  at  a  higher 
voltage,  in  which  case  it  is  called  a  step-up  transformer.  A  trans- 
former may  receive  energy  at  one  voltage  and  deliver  it  at  a 
lower  voltage,  in  which  case  it  is  called  a  step-down  transformer. 
A  transformer  may  receive  energy  at  one  voltage  and  deliver  it 
at  the  same  voltage,  in  which  case  it  is  called  a  one-to-one 
transformer. 

A  static  transformer  has  no  rotating  parts,  and  therefore  it 
requires  little  attention  and  its  maintenance  is  low.  The  cost 
per  kilowatt  of  transformers  is  low  as  compared  with  other 
apparatus  and  the  efficiency  is  much  higher.  As  there  are  no 
teeth,  slots,  or  rotating  parts,  and  the  windings  can  be  immersed 
in  oil,  it  is  not  difficult  to  insulate  transformers  for  very  high 
voltages. 

Because  of  these  many  desirable  characteristics,  the  trans- 
former is  a  very  useful  piece  of  apparatus,  and  as  it  can  transform 
from  low  to  high  voltage,  and  from  high  to  low  voltage,  econom- 
ically, it  is  largely  responsible  for  the  extensive  use  of  alternating 
current. 

76.  The  Transformer  Principle. — The  transformer  is  based 
on  the  principle  that  energy  may  be  efficiently  transferred  by 
induction  from  one  set  of  coils  to  another  set  by  means  of 
a  varying  magnetic  flux,  provided  both  sets  of  coils  are  on  a 
common  magnetic  circuit. 

Electromotive  forces  are  induced  by  a  change  in  flux  linkages. 
In  the  generator,  the  flux  is  substantially  constant  in  magnitude. 
The  amount  of  flux  linking  the  armature  coils  is  changed  by  the 
relative  mechanical  motion  of  flux  and  coils.     In  the  transformer, 
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the  coila  and  magnetic  circuit  are  all  stationary  with  respect  to 
one  another.  The  electromotive  forces  are  induced  by  the 
change  in  the  magnitude  of  the  flux  with  time.  This  is  illustrated 
in  Fig.  170. 

A  core  is  made  up  of  rectangular  stampings  of  sheet  steel, 
clamped  or  bolted  together. 

A  continuous  winding  P  is  placed  oh  one  side  or  leg  of  the 
iron  core.  Another  continuous  winding  S,  which  may  or  may 
nofhave  the  same  number  of  turns  as  P,  is  placed  on  the  opposite 
side  or  leg.  An  alternator  A  supplies  current  to  the  primary 
winding  P.  Aa  this  winding  is  linked  with  an  iron  core,  its 
magDctomotive  force  produces  an  alternating  flux  in  the  core. 


FiQ.   170. — Simple  tranafomier,  Becondary  opeo-cirnuited. 


This  alternating  flux  links  the  turns  of  the  winding  S.  As  this 
flux  is  alternating,  it  induces  in  the  winding  S  an  emf .  of  the  same 
frequency  as  its  own.  Because  of  this  induced  emf,,  the  second- 
ary winding  S  is  capable  of  delivering  cm-rent  and  energy.  There- 
fore, the  energy  ia  transferred  from  P,  the  primary,  to  S,  the 
secondary,  by  means  of  the  magnetic  flux. 

The  winding  P  which  receives  the  energy  is  called  the  primary. 
The  winding  S  which  delivers  the  energy  is  called  the  secondary. 
In  a  transformer,  either  winding  may  be  the  primary,  the  other 
being  the  secondary,  depending  upon  which  winding  receives 
and  which  delivers  energy. 

77.  Induced  Electromotive  Force. — The  flux  ^,  called  the 
mutual  flux,  in  passing  through  the  magnetic  circuit  formed  by 
the  iron  core,  links  not  only  the  turns  of  the  secondary  winding 
S,  but  also  the  turns  of  the  primary  winding  P.  Therefore,  an 
eraf.  must  be  induced  in  both  the  windings  S  and  P.  As  this 
flux  «  is  the  same  for  each  of  the  two  windings  il  m.MS.\,  vw&o.*^  Vtia 
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same  emf.  per  turn  in  each  winding.  The  total  induced  emj,  in 
each  winding  must  then  be  proportional  to  the  number  of  turns 
in  that  winding.     That  is, 

where  Ei  and  E2  are  the  primary  and  secondary  indv4^  emfs. 
and  N\  and  N2  are  the  number  of  turns  in  primary  and  secondary 
respectively.  In  the  ordinary  transformer,  the  terminal  voltage 
differs  from  the  induced  emf.  only  by  a  very  small  percentage,  so 
that  for  most  practical  purposes  it  may  be  said  that  the  primary 
and  secondary  terminal  voltages  are  proportional  to  the  respec- 
tive number  of  turns. 

The  induced  electromotive  force  in  a  transformer  is  propor- 
tional to  three  factors;  the  flux,  the  frequency,  and  the  number 
of  turns.  The  complete  equation  for  the  induced  electromotive 
force,  assuming  a  sine  wave,  is  as  follows: 

E  =  4:MSN<t>max  lO"*  volts  (46) 


FiQ.  171. — Sinusoidal  variation  of  flux  with  time. 

where  /  is  the  frequency  in  cycles  per  second,  N  is  the  number  of 
turns,  and  <t>maz  is  the  maximum  value  of  the  flux  in  the  core. 
The  factor  4.44  is  4  times  the  form  factor,  which  is  1.11  for  a  ^ine 
wave.     (See  Chap.  1,  Par.  5,  page  10.) 

This  equation  is  derived  as  follows: 

Figure  171  shows  the  mutual  flux  4>  varying  sinusoidally  with 

the  time.     Between  points  a  and  h  the  total  change  of  flux  is 

^  ^maz  lines  or  maxwells,    Tbi^  Qba.ii%e  of  flux  occurs  in  half  a 
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cycle  or  in  a  time  T/2  see.  where  T  is  the  period  or  the  time  re- 
quired for  the  wave  to  complete  one  cycle.     The  time  T/2  is 
obviously  equal  to  1/(2/)  sec.     From  equation  (74),  Vol,  I,  page 
185,  the  average  induced  emf,  becomes 
7  2*". 


-iVf^^lO-' volts 


1/(2/) 

=  -ifN<i>^^i    10-»  volts 
Since  with  a  sine  wave  the  ratio  of  effective  to  average  volts 
is    1.11    (see   page    10,   Par.    6),    the   effective  induced   emf.  is 
E  =  4.44/Ar*„„  10-»  volts 
If  the  flux  varies  other  than  sinusoidally   with  the  time,  a 
factor  kf  called  the  form  factor  must  be  substituted  for  1.11  in 
the  above  equation. 

The  maximum  flux  ^nax  —  S„o,  A,  where  Bmniis  the  maximimi 
fliix  density  and  A  is  the  core  cross-section  Equation  (46)  may 
then  be  written: 

B  =  4.44 /iVB„„^  A10-*  volts  (47) 

This  equation  is  the  more  convenient  to  use,  as  will  be  shown 
later. 

Example.— The  core  of  a  60-cycle  traasformer  has  a  erosB-eection  of  20 
aq.  ifl.  andthemaxinmrnfluxdensityintliecorBisMiOOOIineaperHquarBiiich, 
There  are  700  turns  in  the  primary  and  70  turns  in  the  secondary.  What  is 
the  rated  voltage  of  the  primary  and  of  the  secondaryT 

B,  =   4.44  X  60  X  700  X  60,000  X  20  X  10-"  =  2,230  volta.     Ans. 

E,=   4.44X  60  X   70   X  60,000  X  20  X  10-"  =  223  volta.     Ajis. 

Also 

E,  =  2,230/10  =  223  volts.     Jnn. 

78.  Ampere-turns. —Figure  172  shows  a  transformer  having  a 
primary  and  a  secondary  winding.  The  directions  of  the  flux, 
of  the  voltages  and  of  the  currents,  as  indicated  on  the  figure, 
are  those  existing  at  the  instant  when  the  upper  primaiy  line  is 
positive.  Assimie  first  that  there  is  no  load  on  the  secondary. 
Under  these  conditions  a  very  small  current  flows  in  the  pi-imary, 
usually  from  3  to  8  per  cent,  of  the  rated  current.  This  no-load 
current  can  be  resolved  into  two  components,  one  supplying  the 
no-load  losses,  and  the  other  in  quadrature  with  the  first  and 
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producing  the  flux  <)>.  (See  Par.  80.),  This  quadrature  current  is 
called  the  exciting  or  magnetizing  current  of  the  transformer.  As 
the  energy  current  which  is  in  phasewiththebackemf.ia  small,  the 
quadrature  current  is  very  nearly  equal,  numerically,  to  the  total 
no-load  current.  Therefore,  the  no-load  current  is  often  called 
the  exciting  current  of  the  transformer.  The  back  emf.  is  nearly 
constant  for  all  loads,  as  it  differs  from  the  terminal  voltage  only 
by  the  primary  impedance  drop,  which  is  small.  Therefore  the 
flux  and  hence  the  exciting  current  are  practically  independent 
of  the  load. 

This  exciting  current  produces  a  flux  ^  in  the  core,  the  directit 
of  the  flux  being  as  shown  (corkscrew  rule).     The  value  of  this 
flux  must  be  such  as  to  make  the  induced  primary  emf.  practically 


FlQ,  172. — Simple  traiiHformer,  load  applied  to  sefondary. 


equal  to  the  primary  line  voltage.  This  primary  induced  em 
is  a  hack  emf.  and  is  therefore  in  opposition  to  the  primary  im 
pressed  voltage. 

Now  apply  a  load  to  the  secondary.  As  a  result  a  current  7j 
flows  in  the  secondary.  The  direction  of  this  current  must  be 
such  as  to  oppose  the  flux  ij).  This  is  in  accordance  with  Lenz's 
law  that  an  induced  current  always  has  such  a  direction  as  to 
oppose  the  cause  which  produces  it.  If  the  secondary  current  It 
were  producing  the  flux  iJ),  then  by  the  corkscrew  rule  the  current 
would  fiow  in  at  the  upper  terminal.  Fig.  172.  Since  /a  opposes 
the  flux  <t>,  it  must  actually  flow  out  at  the  upper  terminal.  The 
secondary  current  Ii  then  tends  to  reduce  the  value  of  the  flux 
in  the  transformer  core.  If  the  flux  is  reduced,  the  back  electro- 
motive force  of  the  primary  is  also  reduced,  and  hence  more 
current  will  flow  in  the  primary  to  supply  the  increase  in  power 
due  to  the  load  on  the  secondary.     This  is  the  sequence  of  reac- 
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tions  which  follow  the  application  of  load  to  the  secondary, 
enabling  the  primary  to  take  from  the  line  the  increased  power 
demanded  by  the  secondary. 

The  change  in  the  back  electromotive  force  in  the  primary  from 
no  load  to  full  load  is  ordinarily  about  1  or  2  per  cent.  As  the 
back  emf.  is  proportional  to  the  mutual  flux  ip,  ike  value  of  ip 
therefore  does  not  change  appreciably  over  the  working  range  of 
the  transformer.  If  this  flux  does  not  change  appreciably,  the 
net  ampere-tuma  acting  on  the  core  cannot  change  appreciably. 
Therefore,  the  increased  ampere-turns  due  the  secondary  load 
must  be  just  balanced  by  the  additional  ampere-turns  due  to  the 
increased  primary  current.  It  also  follows  that  the  exciting  cur- 
rent must  remain  substantially  constant. 

The  effect  of  any  increase  of  primary  ampere-turns,  when  not 
opposed  by  equal  secondary  ampere-tums,  would  be  to  increase 
the  mutual  flux.  This  would  increase  the  back  emf.,  and  might 
cause  the  primary  to  deliver  power  hack  into  the  power  source, 
which  is  in  violation  of  the  law  of  the  con.servation  of  energy. 
Therefore,  any  primary  ampere-tums  in  excess  of  the  exciting 
ampere-tums  must  be  balanced  by  equal  and  opposing  secondary 
ampere-tums. 

The  exciting  current  is  of  small  magnitude  and  differs  con- 
siderably in  phase  from  the  total  primary  current,  as  shown  by 
/o  in  Fig.  174,  page  180.  Therefore,  it  is  usually  neglected  in 
comparison  with  the  total  primary  current.  If  it  be  neglected, 
the  primaTy  and  secondary  ampere-tums  are  equal,  and 


Therefore, 


(48) 


That  is,  the  primary  and  secondary  currents  are  inversely  as  the 
respective  turns. 

The  above  relation  also  follows  from  the  law  of  the  conservation 
of  energy.  If  the  transformer  losses  be  neglected  and  unity 
lower-f actor  be  assumed. 
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effect  of  the  primary  leakage  flux,  therefore,  is  to  oppose  the  flow 
of  current  into  the  transformer. 

The  mmf.  of  the  secondary  coil,  acting  alone,  is  such  that  the 
top  of  the  coil  is  at  a  higher  magnetic  potential  than  the  bottom 
of  the  coil.  That  is,  plane  c  is  at  a  higher  magnetic  potential  than 
plane  d,  and  therefore  a  flux  <t>2  tends  to  pass  from  c  to  d  through 
the  air,  as  shown.  Flux  </>2  is  called  the  secondary  leakage  flux. 
As  its  path  is  not  linked  by  the  primary,  the  secondary  leakage 
flux  is  proportional  to  the  secondary  ampere-turns  only.  <t>2 
induces  an  emf .  in  the  secondary,  lagging  the  secondary  current 
1%  by  90°.  This  is  also  a  reactance  voltage,  and  the  component 
which  balances  it  leads  the  secondary  current  by  90°.  This  last 
voltage  is  denoted  by  1 2  X  2.  The  secondary  reactance  opposes 
the  current  flowing  out  of  the  secondary  just  as  the  armature 
reactance  of  an  alternator  opposes  the  current  flowing  out  of  the 
armature.  Both  the  primary  and  secondary  reactances  of  the 
transformer  have  the  same  effect  on  the  regulation  of  the  trans- 
former as  the  armature  reactance  of  the  alternator  has  on  the 
regulation  of  the  alternator. 

In  that  part  of  the  core  which  is  surrounded  by  the  secondary 
winding  the  mutual  flux  </>  and  the  secondary  leakage  flux  <t>2  are 
shown  in  opposition.  As  </>  is  produced  by  the  joint  ampere- 
turns  of  primary  and  secondary,  and  </>2  by  the  ampere-turns  of 
the  secondary  alone,  </>  and  </>2  are  almost  never  in  phase  with 
each  other,  but  are  usually  out  of  phase  by  an  angle  greater  than 
90°,  as  shown  in  Fig.  174  (a).  Two  separate  fluxes  in  the  core 
do  not  actually  exist  at  the  same  instant,  but  merely  the  resultant 
tox,  found  by  combining  </>  and  </>2.  The  primary  leakage  flux 
^  and  the  secondary  leakage  flux  </>2  have  the  same  general 
Section  in  the  space  between  the  primary  and  secondary  coils. 

In  the  actual  transformer,  the  leakage  flux  paths  are  not 
80  simple  as  those  indicated  in  Fig.  173.  That  is,  part  of  <t>2 
links  some  of  the  secondary  turns,  but  not  all,  etc.  However,  the 
equivalent  effect  of  0i  and  02  is  readily  determined  in  the  ordinary 
tamsformer  by  simple  measurements,   as  is   described  later. 

In  practice,  the  primary  and  secondary  windings  are  not 
placed  on  separate  legs,  as  shown  in  Figs.  170,  172  and  173,  for 
Wng  widely  separated,  large  primary  and  secondary  leakage 
fluxes  would  result. 


180 


ALTERNATING  CURRENTS 


These  large  leakage  fluxes  would  cause  the  transformer  ii  l'iIi* 
lion  to  be  too  poor  for  commercial  use.  To  reduce  the  leakag^^ 
the  primary  and  secondary  should  be  interleaved.  Therefor^^ 
each  is  usually  split  into  a  number  of  coils,  and  alternate  primar~7— 
and  secondary  coils  are  placed  together,  as  shown  in  Figs.  183  an^^ 
184,  pages  196  and  197. 

80.  Transformer  Vector  Diagram. — Figure  174  (a)  shows  th^  « 
relations  existing  among  the  currents  and  voltages  in  a  tran^^. 
former,  when  the  secondary  is  delivering  a  current  /i,  at  termina.i 
voltage  Vi  and  power-factor  cos  6^.     A  one-to-one  ratio  of  trans- 
formation is  assumed,  in  order  that  the  lengths  of  all  the  vectors 


Fio.  174(6). 
Fia.  174  [ol. — ^Complete  vector  diBgram  for  a  tratiHfonner.  ' 

Fio.    174  (6). — Energy    and    magnetiiing  (components  of  no-load  o 


^ 
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in  the  diagram  shall  be  of  the  same  order  of  magnitude.  This 
same  diagram  may  be  made  applicable  to  any  ratio  of  trans- 
formation, merely  by  multiplying  the  proper  vectors  by  the  ratio 
of  transformation. 

The  secondary  current  /j  is  laid  off  at  phase  angle  0%  from  the 
secondary  terminal  voltage  ^2.  The  secondary  leakage  flux  ^t 
is  in  time-phase  with  /j  and  induces  the  emf.  which  is  balanced 
by  IiX^,  leading  /i  by  90°.  The  induced  voltage  £'j  of  the  sec- 
ondary ia  determined  by  adding  vectorially  to  F?  the  secondary 
resistance  drop  I^R^,  in  phase  with  I^,  and  the  secondary  react- 
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Eince  drop  /jA's,  due  to  *j,  in  quadrature  with  /j  and  leading. 
As  both  the  primary  and  secondary  iniluccd  voltages  are  induced 
Dy  the  same  flux,  and  both  windings  have  the  same  number  of 
turns,  since  the  ratio  is  I  to  1,  the  primary  and  secondary  in- 
duced voltages  will  be  equal  in  magnitude  and  will  be  in  phase 
erith  each  other.  Therefore,  Ei  =  E^.  It  has  already  been 
iemonstrated  that  an  emf.  induced  by  a  flux  varying  sinusoid- 
illy  with  time  is  a  sine  wave  and  lags  the  flux  90°  (page  27,  Par, 
14).  Therefore,  in  Fig.  174  (a)  the  mutual  flux  4"  leads  the 
induced  emfs.  by  90°,  as  shown. 

The  line  must  first  supply  a  voltage  at  least  equal  to  the 
primary  induced  voltage,  and  in  opposition  thereto,  before 
current  can  flow  into  the  primarj-.  This  is  analogous  to  the 
direct-current  motor,  where  the  line  must  first  supply  a  voltage 
equal  to  the  back  electromotive  force,  and  in  opposition  thereto, 
before  any  current  can  flow  into  the  armature.  Therefore,  a 
voltage  —El  opposite  and  equal  to  i,\  must  first  be  supplied 
by  the  line.  The  primary  must  furnish  at  least  a  sufficient 
number  of  ampere-turns  to  balanee  the  ampere-turns  of  the 
secondary.  These  primary  ampere-turns  and  the  secondary 
ampere-tuma  are  equal  and  opposite.  Therefore,  if  there  are 
jVa/j  ampere-turns  in  the  secondary,  there  must  be  an  equal  num- 
ber of  ampere-turns  in  the  primary  to  balance  these.  These 
primary  ampere-turns  iVi/'i,  Fig,  174  (a),  are  180°  from  NJi. 
It  is  not  customary  to  show  the  ampere-turns  on  the  diagram, 
however,  but  only  the  currents,  as  in  Fig.  174.  The  ampere- 
turns  may  then  be  obtained  by  multiplying  each  current  by  its 
proper  number  of  turns. 

In  addition  to  /'i,  the  no-load  current  7o  must  exist  to  produce 
the  mutual  flux, «,  and  to  supply  the  no-load  losses.  This  current 
would  be  in  phase  with  the  flux  i^  were  it  not  for  the  core  losses. 
These  losses  require  that  h  have  an  energy  component  shown  by 
7,  in  Fig.  174  (b).  That  is,  Jo  is  resolved  into  two  components, 
a  magnetizing  component  /».  in  phase  with  0,  and  an  energy 
component  /,  in  phase  with  the  primary  emf.  — E,  and  leading 
/™  by  90°. 

The  total  primary  current  is  /i,  the  vector  sum  of  I^  and  I'l. 

The  primary  leakage  flux  .^i  is  in  phase  with  Ii,  and  induces  the 
M^.  which  is  balanced  by  I\Xi.  ^   ^H 
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The  primary  terminal  voltage  Fi  may  now  be  found  by  adding 
IiRi  and  IiXi  vectorially  to  —Eu 

The  transformer  regulation  is  defined  as  the  rise  in  secondary 

voltage  divided  by  the  rated-load  voltage,  when  rated-load  is 

removed  from  the  transformer.     The  primary  voltage  is  assumed 

to  be  constant. 

The  regulation  for  a  one-to-one  transformer  is  given  by 

81.  Simplified  Diagram. — The  diagram  of  Fig.  174  may  be 
materially  simplified  if  the  magnetizing  current  /o  be  neglected. 
As  /o  is  usually  from  3  to  8  per  cent,  of  /i  and  the  two  are  con- 


FiG.  175. — Transformer  diagram  with  primary  voltages  rotated  to  secondary 

side  of  diagram. 

siderably  out  of  phase,  /o  may  ordinarily  be  neglected  without 
serious  error.  Figure  175  shows  the  diagram  of  Fig.  174  with  U 
omitted.  Note  that  -Ei  is  180°  from  E2;  h  is  180"^  from  h] 
IiRi  is  180°  from  I2R2;  and  IiXi  is  180°  from  J2X2.  Therefore, 
if  the  entire  left-hand  side  of  the  diagram  be  rotated  through 
180°  with  the  origin  as  a  center,  as  shown  in  Fig.  175,  Ei 
and  E2  coincide,  IiRi  and  JiXi  become  parallel  to  I2R2  and  I2X2 
respectively. 

As  /i  equals  I2,  the  two  IR  drops  may  be  combined  into  a 

single  drop  equal  to  I2  {Ri  +  ^^2)  and  the  two  IX  drops  may  be 

combined  into  a  single  drop  equal  to  1 2  (Xi  +  X2),  as  shown  in 

Fig.  176  (a).    Let  i2i  +  K2  =  Ro  and  Xi  -h  Xj  =  Zq.     It  is  to 
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be  noted  that  the  vector  diagram  of  Fig.  176  (a)  is  similar  to  that 
of  the  alternator.    The  voltage  Vi  is  given  by 

Fi  =  V(F2  cos  e  +  hRoY  +  {V2  sme  +  l2Xoy    (49) 

Ro  is  the  equivalent  resistance  of  the  transformer  and  Xq  is  the 
equivalent  reactance.  Obviously  /i  could  be  substituted  for  1 2 
m  the  foregoing  equation. 

Example, — ^A  40-kv-a.,  220-volt,  one-to-one  transformer  has  a  primary 
resistance  and  a  secondary  resistance  each  equal  to  0.009  ohm.  The  leakage 
reactance  of  the  primary  is  0.037  ohm  and  that  of  the  secondary  is  0.043 
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Fig.176 (a) Simplified  Vector 
Diagram  of  Transformer 


FlQ.    176. 


ohm.     Determine  the  regulation  of  the  transformer  at  full  load,  0.8  power- 
factor,  lagging  current. 
,         ,        40,000       ,Q^ 

'  "    '  "  '226"  ^         ^^^' 
Ro  =  0.009  +  0.009  =  0.018  ohm 
Xo  =  0.037  +  0.043  =  0.080  ohm 

Vi  =  V(220  X  0.80  +  182  X  0.018)^  +  (220  X  0.60  +  182  X  0.080)* 

=  232  volts. 

„       ,  ^.           232  -  220       -  .^  .       . 

Regulation  =  — ^^ =  5.46  per  cent.     Ans. 

This  regulation  is  not  strictly  true  because  V2  is  assumed  to 
be  fixed  .and  Vi  to  vary  as  the  load  changes.  In  a  transformer, 
the  primary  voltage  is  ordinarily  fixed  and  the  secondary  voltage 
drops  as  load  is  applied.    As  the  regulation  is  small,  little  or  no 
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error  is  introduced  by  using  the  secondary  voltage  as  a  basis  for 
calculating  the  primary  voltage. 

82.  Equivalent  Resistance  and  Reactance. — The  preceding 
discussion  refers  specii&cally  to  transformers  having  one-to-one 
ratios.  There  is  little  difference,  however,  when  other  than 
one-to-one  transformers  are  considered.  For  example,  in  Fig. 
174,  El  and  E2  are  considered  as  being  equal.  If  there  were 
Ni  primary  turns  and  N2  secondary  turns,  the  true  primary 
voltage  would  be 

El  =  YT  E2 

N2 
Likewise  the  primary  current  would  be 

In  testing  transformers  and  in  computing  their  performance, 
it  is  more  convenient  to  work  with  one  side  of  the  transformer 
only.     The  method  of  treating  such  a  problem  is  as  follows: 

First,  consider  the  resistance  of  the  primary  and  of  the  second- 
ary.   The  total  copper  loss  in  the  transformer 

Pc  =  Ii'Ri  +  WR^  (I) 

where  /i  and  Ri  are  the  primary  current  and  resistance  respec- 
tively and  I2  and  R2  are  the  secondary  current  and  resistance 
respectively. 

If  the  exciting  current  is  neglected, 

I2  _Ni     J        J  Ni 

Ti^Nl    ^''^'N2 
Substituting  in  (I) 

This  means  that  the  total  copper  loss  can  be  found  by  multi- 
plying the  primary  current  squared  into  the  expression 

This  expression  is  equal  to  the  primary  resistance  added  to  the 
secondary  resistance  when  multiplied  by  the  ratio  of  primary  to 
secondary  turns  squared.     This  quantity  is  called  the  equivalent 


R...K,  +  (^)'«, 
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resistance  of  the  transformer  referred  to  Ike  primary  and  is  denoted 
by  Bag. 

flo.  -«'  +  ©  «^  (50) 

The  total  copper  loss  may  then  be  found  by  using  the  primary 
current  alone.     That  is 

The  equivalent  resistance  of  the  transformer  referred  to  the 
secondary  may  be  found  in  a  similar  manner  and  is  equal  to: 

(51) 

The  total  copper  loss  may  be  found  by  using  the  secondary 
current  alone.     That  is 

Pc  =  /a'Woi 

These  values  of  equivalent  resistance  may  also  be  used  in 
determining  the  regulation  of  the  transformer,  as  will  be  shown 
later. 

In  well-designed  apparatus  and  for  the  most  economical  use 
of  the  materials,  the  various  parts  should  all  come  to  their 
limiting  temperatures  at  the  same  time.  As  primary  and  second- 
ary windings  ordinarily  occupy  approximately  the  same  volume, 
their  losses  should  be  the  samp  for  equal  temperature  rise.     That 

Since 


h  " 


W 


That  is,  under  these  assumptions  the  ratio  of  primary  and 
secondary  resistance  is  equal  to  the  square  of  the  ratio  of  the 
primary  and  secondary  turns. 

The  primary  leakage  reactance  drop  is  IiXi  and  the  second- 
ary leakage  reactance  drop  is  JaXa-  hXi  is  a  voltage  and  must 
be  to  the  same  scale  as  the  primary  induced  emf.  E^.  ItX-i  is 
likewise  a  voltage  and  is  to  the  same  scale  as  the  secondary 
induced  emf.  £».     It  is  convenient  to  use  the  same  length  of 

tetor  to  represent  Ei  and  Ez  and  later  correct  these  va.lyi'es, 


186  ALTERNATING  CURRENTS 

by  multiplying  by  the  ratio  of  transformation:  (See  Fig.  174.) 
Assume  that  E2  is  ten  times  Ei  and  that  everything  is  to  be  drawn 
on  the  basis  of  E2  being  equal  in  length  to  Ei.  In  order  that 
E2  may  be  represented  by  the  same  length  of  vector  as  Ei,  Et 

must  be  multipUed  by  j^  or  by  t7>* 

IiX\  is  to  the  scale  of  Ei. 
As  /2X2  is  to  the  same  scale  as  E2,  it  likewise  must  be  multi- 
plied  by  ^-     That  is, 

/2X2  ( ^)   gives  the  secondary  reactance  drop  one-tenth  its 

actual  value  as  it  is  reduced  to  the  same  basis  as  the  primary 
reactance  drop  and  the  emfs.  E\,  E2,  etc. 

Substituting  for  1 2,  -'^i  (at)'  ^^^  above  expression  becomes 

That  is,  the  secondary  reactance  drop  may  be  referred  to  the 
primary  side  by  multiplying  the  primary  current  into  the  sec- 
ondary reactance  X2,  when  multipUed  by  the  ratio  of  primary  to 
secondary  turns  squared. 

The  total  reactance  drop  in  the  transformer,  to  primary  scale, 
becomes, 

—     1 1X01 

where  Xoi  =  X,  +  (^)  '  X2  (52) 

Xoi  is  called  the  equivalent  reactance  of  (he  transformer  referred 
to  the  primary  side.  Its  use  in  determining  the  characteristics  of 
the  transformer  will  be  considered  later. 

Likewise,  the  equivalent  reactance  referred  to  the  secondary 
side 

Xa2=X2  +  (^^)'Xi  (53) 
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If  the  permeance  of  the  leakage  flux  paths  ia  the  same  for  both 
primary  and  secondary,  the  leakage  reactances  of  the  primary 
and  secondary  are  to  each  other  as  the  square  of  the  number  of 
turns.  This  follows  from  the  fact  that  inductance  varies  as  the 
square  of  the  number  of  turns,  as  was  demonstrated  in  Vol.  I, 
Chap,  VIII.  In  the  actual  transformer  it  is  practically  impos- 
sible to  separate  Xi  and  Xt,  because  the  paths  of  the  leakage 
flux  are  complicated,  some  of  the  flux  linking  only  a  part  of  the 
turns,  etc.  However,  it  is  not  necessary  to  know  A'l  and  Xi 
-separately,  but  rather  their  combined  effect.  This  effect  may 
be  found  by  multiplying  A'oi  by  the  primary  current  I,  and  adding 
this  voltage  in  its  proper  phase,  or  it  may  be  found  by  using  A'02 
and  the  secondary  current  h  and  adding  this  voltage  in  its  proper 
phase. 

The  relations  which  follow  from  the  preceding  equations  are; 

I  The  equivalent  impedance  referred  to  the  primary 

z..  -  V(«.i)"  +  (.v.,)" 

I  The  equivalent  impedance  referred  to  the  secondary 

That  is,  the  equivalent  resistance,  reactance,  and  impedance 
•feferred  to  the  primary  are  to  the  equivalent  resistance,  reactance, 
ind  impedance  referred  to  the  secondary  as  the  ratio  of  primary 
to  secondary  turns  squared. 

ExampU.—A  60-kv-a.  4,400  to  220-vehlt  transformer  has  a  primary  re- 
rietance  and  reactance  of  3.45  and  5.40  ohma,  respectively.  The  secondary 
reaifitance  and  reactance  are  0.0085  ohm  and  0.014  ohm,  respectively.  Find 
(a)  the  equivalent  resistance  referred  to  the  primary;  (b)  the  equivalent 
resistance  referred  to  the  secondary;  (c)  the  equivalent  reautanco  referred 
to  both  primary  and  secondary;  (d)  the  equivalent  impedance  referred  to 
both  primary  and  secondary;  (e)  the  total  copper  loss  using  the  individual 
reeiatances  of  the  two  windings  and  using  the  equivalent  resistance  referred 
to  each  side.  , 
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The  primary  current, 

^'  =  41400"  =  "-^  ^'"P- 


The  secondary  current, 

The  ratio  of  transformation 

Nt  ^    220    ^  2 
iV^i       4,400       20 

(a)  /2oi  =  3.45  +  (^\  *  0.0085  =  3.45  +  3.40  =  6.85  ohms.     Am. 

(h)  Rot  =  0.0085  +  (^  *  3.45  =  0.00850  +  0.00863  = 

0.0171  ohm.     Ans. 
Also  Ro2  =  Roi  (^)  *  =  ^  =  0.0171  ohm.     Check. 

(c)  Xoi  =  5.40  +  (y)  *  0.014  =  5.40  +  5.60  =  11.00  ohms.  Ans. 

Xo2  =  0.014  +  (^  *  5.40  =  0.014  +  0.0135  =  0.0275  ohm. 

Ans. 
Also       Xo2  =  (^)  '  Xoi  =  ^^  -  0.0275  ohm.     Check, 

(d)  Zoi  =  \/(6.85)^  -h  (11.0)«  =  12.96  ohms.     Ans. 

Zo2  =  V (0.0171)2  4-  (0.0275)2  =  0.0324  ohm.     Ana, 

Also        Zo2  -  Zoi  (^)  *  =  ^^  =  0.0324  ohm.     Check. 

(e)  Pe  =  (11.36)'  3«45  +  (227) '  0.0085  =  883  watts.     Ans. 
Pc  =  Ii^Roi  =  (11.36)2  6.85  =  883  watts.     Ans. 

Pc  =  h^Rot  =  (227)2  0.0171  =  883  watts,    Ans. 

The  equivalent  resistance,  reactance,  and  impedance  referred 
to  either  side  may  be"  used  in  determining  the  transformer  charac- 
teristics, such  as  regulation,  efficiency,  etc.  That  is,  the  trans- 
former may  be  treated  as  a  simple  impedance  in  series  with  a 
load  which  is  connected  across  the  line,  Fig.  176  (c).  K  the 
primary  current  and  voltage  are  to  be  used,  the  primary  equiva- 
lent constants  Zoi,  /Zoi,  and  Xqi,  must  be  used,  as  is  shown  in 
Fig.  176  (c).  The  secondary  terminal  voltage  V^  must  be  multi- 
plied by  the  ratio  of  transformation  \jt]  as  shown  in  Fig.  176  (c) 
in  order  to  refer  it  to  the  primary  side.  The  secondary  current 
must  be  multipUed  by  (i^)  in  order  to  refer  it  to  the  primary 
side.     The  problem  is  then  merely  one  of  a  simple  series  circuit 
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If  the  secondary  current  and  voltage  are  to  be  used,  the  second- 
ary equivalent  constants,  Z02,  Hbh,  and  Xm,  must  also  be  used. 
This  will  be  demonstrated  in  the  methods  of  transformer  testing 
which  follow. 

83.  Open-circuit  Test. — Figure  177  shows  a  transformer 
having  the  low  side  connected  to  an  alternating  source  of  supply 
and  the  high  side  open-circuited.  Either  an  auto-transformer 
or  a  drop  wire  is  shown  as  a  means  of  varying  the  voltage  sup- 
plied to  the  low  side  of  the  transformer.  A  voltmeter,  an  am- 
meter, and  a  wattmeter  are  connected  in  the  primary  circuit. 
The  voltmeter  reads  the  voltage  across  the  primary  terminals, 
the  ammeter  reads  the  no-load  current,  and  the  wattmeter  reads 
the   power   taken  by  the   transformer  under  these  conditions. 


I 


This  power  goes  to  supply  the  primary  PR  loss  and  the  core  loss 
of  the  transformer.  As  the  exciting  current  is  very  small,  the 
primary  PR  loss  due  to  it  may  be  neglected.  Therefore,  the 
wattmtiter  reads  the  transformer  core  loss.  If  the  primary  volt- 
age be  varied  and  the  core  loss  be  determined  for  different  values 
of  voltage,  a  curve  is  obtained  showing  the  relation  of  core  loss 
to  voltage.  At  no  load  the  flux  is  practically  proportional  to 
the  terminal  voltage,  as  the  primary  impedance  drop  due  to  the 
no-load  current  is  negligible.  (See  equation  46,  page  174.) 
The  eddy-current  loss  varies  as  the  square  of  the  voltage  and 
the  hysteresis  loss  as  the  1.6  power  of  the  voltage.  The  core 
loss  will  increase,  therefore,  nearly  as  the  square  of  the  voltage, 
as  shown  in  Fig.  178  (a). 

Transformers  are  usually  so  designed  that  the  most  economical 
use  of  materials  is  obtained.     Therefore,  tte  cote  \s  o^t%S^  ^ 
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an  high  a.  flux  density  as  the  allowable  core  loss  will  permit, 
study  of  Fig.  178  (a)  shows  that  a  alight  increase  of  voltage, 
above  rated  voltage,  produces  a  very  large  percentage  increii 
in  core  loss.     As  tiansformera  are  rated  by  their  maximum  s 
operating  temperatures,  this  increased  core  loss  may  cause  o 
heating  of  the  transformer.     Therefore,  the  efEect  of  operatii 
tran,sformera  at  over-voltage  is  to  produce  a  large  increaee . 
temperature. 

If  the  magnetizing  current  be  plotted  as  abscissas,  and  tl 
voltage  as  ordioates,  a  saturation  curve  similar  to  that  of  Fi{ 
178  (6)  is  obtained.  The  point  marked  "rated  voltage"  if 
point  on  the  saturation  curve  at  which  transformers  are  general! 
operated,  and  is  well  beyond  the  knee  of  the  curve.  Outsi 
the  question  of  increased  core  loss,  the  usual  transformer  cann 
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Im!  operated  at  a  voltage  very  much  in  excess  of  its  rated  vcJt 
for  the  exciting  current  increases  verj-  rapidly  with  small  incr 
in  voltagti,  as  indicated  in  Fig.  178  (6). 

The  Hux  licnHlty  in  the  core  is  determined  primarily  by  the 
minniblc  coro  Iob8,  Open-hearth  annealed  sheet  steel,  such  as 
used  in  dyniinios,  can  be  used  for  transformer  cores.  Foragiv 
flux  density  and  frequency,  however,  silicon  steel  has  much  1( 
core  Ions  |K'r  unit,  volume  than  open-hearth  steel,  the  effect 
tbo  atlicon  being  to  increasB  the  electrical  resistance,  and 
reduce  the  oddy-current  loss.  Because  of  its  small  core  l( 
tn  steel  may  be  operated  safely  at  very  high  flux  deusiti 
ller  cost  of  silicon  steel  is  more  than  offset  by  the  aav 
'od  in  copper,  and  in  the  general  reduction  of  I 
r  dimensions. 
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To  obtain  the  true  value  of  the  exciting  current,  the  current  /o 
neaaured  by  the  ammeter,  in  Fig.  177,  should  be  resolved  into 
>^vo  components,  one  of  which  lies  along  the  voltage  —  Bt,  or  V, 
ind  is  shown  as  I^  in  Fig.  179  (  —  Ei  and  l'  are  practically  equal 
Lt  no  load).  This  current  /,  ~  Iq  cos  6  is  the  energy  component 
>f  the  current  and  supplies  the  core  losses.  The  quadrature 
jomponent  /,»  =  Iq  sin  0  ia  the  true  magnetizing  current,  shown 
3lotted  in  Fig.  178  (b).  In  moat  commercial  transformers  h  = 
r„,  very  nearly. 

84,  Short-circuit  Test. — Figure  180  shows  the  transformer  of 
Fig-  177  reversed  and  the  low  side  short-circuited-  The  reversal 
is  made  in  order  that  the  line  current  may  not  be  excessive,  and 
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also  in  order  that  a  reasonable  voltage  drop  may  be  obtained. 
In  a  transformer,  the  impedance  drop  seldom  exceeds  5  per  cent, 
of  the  rated  voltage.  If  the  2,200-volt  side  of  a  transformer,  Fig. 
180,  be  used  as  the  primary,  the  voltage  necessary  to  send  rated 
current  through  the  windings  on  short-circuit  is  about  5  per  cent, 
of  2,200,  or  110  volts,  which  is  a  standard  voltage  for  instrument 
coils.  If  the  secondary  of  the  transformer  were  rated  at  220 
volts,  the  voltage  at  short-circuit  would  be  only  II  volts  and  the 
current  would  also  be  high.  At  this  low  voltage,  high  precision 
could  not  be  obtained  with  ordinary  instruments. 

When  a  primary  current  I\  flows,   Fig.   180,  the  secondary 


current  /s  is  equal  t  o  /i 


There  is,  therefore,  no  need  of  using 


an  ammeter  for  measuring  I^.  The  power  delivered  to  the  trans- 
former. Fig,  180,  goes  to  supply  three  losses;  the  primary  co^iv^t 
loss,  Ii^Ri,  the  secondary  copper  loss,  li^Ks,  aud  \.\ie  cotcXcffa  a.\, 
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short-circuit.  The  core  loss  is  negligible,  as  5  per  cent,  primary 
voltage  means  only  about  2}4  P^r  cent,  of  the  rated  value  of  flux, 
since  half  the  impressed  voltage  on  short-circuit  is  consumed  in  the 
primary  impedance  drop.  The  core  loss  at  2  or  3  per  cent,  of  the 
rated  flux  is  so  small  as  to  be  negligible,  for  the  core  loss  varies 
nearly  as  the  square  of  the  flux.  Therefore,  the  power  at  short- 
circuit 

where  R^\  and  -R02  are  the  transformer  equivalent  resistances 
referred  to  the  primary  and  secondary,  respectively. 


-Roi  = 


/2o2  — 


P^ 


The  value  of  equivalent  resistance  as  found  in  this  manner 
may  be  checked  with  the  value  determined  by  measuring  the 

resistance  of  each  winding 

with  direct  current.    The 

ratio  o\  effective  to  ohmic 

^i-JTi  resistance  is  practically 

imity  in  most  transformers. 
Figure  181  shows  the 
equivalent-circuit  vector 
diagram  for  the  short-cir- 
cuit   test.     This    diagram 

^x^it   is  merely  that  .of  Fig.  176, 

except  that  F2  now  equals 

Fig.  181. — Vector  diagram  for  short-circuited  zerO,  and  all  quantities  are 

transformer.  ^^^  referred   to   the   pri- 

mary side.  It  will  be  recognized  in  Fig.  181  that  the  entire 
voltage  Y\  is  consumed  in  the  impedance  drops  of  jbhe  two  wind- 
ings. From  this  it  is  obvious  that  if  Zoi  be  the  quivalent 
impedance  of  the  transformer,  referred  to  the  primary  side. 


I  r?   ^^ 


z    -^' 


Z02   —   ^ 


N,\* 


0\ 


Q) 


(58) 


(69) 
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Knowing  the  equivalent  impedance  and  equivalent  resistance, 
the  equivalent  reactance  is  readily  found, 

Xo  =  VZo'  -  ff.»  (60) 

for  either  primary  or  secondary  side. 

In  making;  the  short-circuit  and  the  open-circuit  teats,  the 
question  of  instrument  losses  should  be  investigated  and  correc- 
tion made  if  this  be  found  necessary.  As  the  losses  in  a  trans- 
former are  very  small,  the  power  taken  by  the  instruments  may 
be  a  large  perccntaKc  of  the  power  being  measured, 

86.  Regulation  and  Efficiency. — The  data  obtained  from  the 
short-circuit  and  open-circuit  teats  are  sufficient  to  compute  the 
regulation  and  the  efficiency  of  the  transformer  at  any  load. 

As  the  equivalent  resistance  and  reactance  referred  to  either 
side  are  known,  it  is  merely  necessary  to  proceed  by  the  method 
of  Par.  81,  page  182,  to  determine  the  regulation.  The  pro- 
cedure will  be  demonstrated  by  an  example  which  follows. 

It  has  becD  pointed  out  that  with  constant  voltage  the  mutual 
fliix  of  the  transformer  is  practically  constant  from  no  loatl  to  full 
load.  It  usually  does  not  vary  more  than  from  1  to  3  per  cent. 
Therefore,  the  core  loss  is  practically  constant  at  all  loads  and 
may  be  determinedby  the  open-circuit  test,  Fig.  177.  For  most 
purposes  it  is  necessary  merely  to  measure  the  loss  at  the  rated 
voltage  of  the  transformer. 

The  only  other  losses  are  the  primary  and  secondary  copper 
losses.  These  can  be  calculated  readily,  knowing  the  resistances 
of  primary  and  secondary,  or  they  may  be  computed  from  the 
equivalent  resistance  determined  at  short-circuit.  The  efficiency 
of  the  transformer  may  then  be  computed,  since  the  losses  are 

fown.     That  is,  the  efficiency 
[     ™  = 1V,(P-EJ 
Xxam-plt- — A  20-kv-a.,  2,200  to  220-volt,  6C^eycle  distributing  tranaformer 
ii  tested  for  efiicieDCy  and  regulation  as  follows:  A  wattmeter,  an  ammeter 
and  a  voltmeter  are  used  to  measure  the  input  to  the  low  side,  the  high  side  S 

being   open-circuited    as   shown   in   Fig.    177.     The   wattmeter  rends  148  I 

^■pno,   the  ammeter   4.2   amp.   and  the  voltmetei  '^20  \u\Vfi.    "W^  \xe.'aar  ■ 


'  VthCP.V.)  +  Core  Loss  +  /,'R,  +  1,'R, 

F,;,IF.F.) 

■  I',/,(P.F.)  +  Core  Loss  +  /s"K., 


(81) 
(62) 
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former  is  then  reversed,  the  low  side  being  short-circuited,  and  220  volts 
applied  to  the  high  side.  Instruments  having  the  proper  ranges  are  con- 
nected in  circuit  as  shown  in  Fig.  180.  The  ammeter  now  reads  10.5  amp., 
the  wattmeter  410  watts  and  the  voltmeter  220  volts. 

Find:  (a)  Transformer  core  loss.  (6)  Equivalent  resistance  referred  to 
high  side,  (c)  Equivalent  resistance  referred  to  low  side,  (d)  Equivalent 
reactance  referred  to  high  side,  (e)  Equivalent  reactance  referred  to  low 
side,  if)  Regulation  of  transformer  at  0.8  power-factor,  lagging  current. 
ig)  Efficiency  of  transformer  at  full  and  at  half  load,  load  being  at  0.8  power- 
factor,  lagging  current. 

(a)  Core  loss  is  indicated  directly  by  the  wattmeter  and  is  equal  to  148 

watts.     Ans, 

410 
(6)   Roi  =  .^Q  ,.^  =  3.72 ohms.     Ans. 


(c)   Rot  =  3.72  (2^)*=  0.0372  ohm.    Aw. 

220 
id)  ^01  =  ^  =  21.0  ohms. 


Xoi  =  V(21.0)*  -  (3.72)«  =  \/427  =  20.7  ohms.     Aiw. 
(c)  Xoi  =  20.7  (llgg)  *  =  0.207  ohm.     Ans. 

(/)   Work  on  high  side. 

The  rated  high-side  current  is  20,000/2,200  =  9.1  amps.    Using 
equation  (49),  page  183. 

Vi  =  \/(2,200  X  0.8  -i-  9.1  X  3.72)«  -j-  (2,200  X  0.6  -j-  9a  X  20.7)"^ 

\/6i492,000  =  2,340  volts. 

^      ,  ^.           2,340  -  2,200       ^^^  .        . 

Regulation  =  — — ^  ^' =  6.36  per  cent.    Ana, 

The  same  result  is  obtained  using  the  lowHside  constants. 
Fi  =  V(220  X  0.8  +  91  X  0.0372)«  -{-  (220  X  0.6  -*-  91  X  0.207)*^ 
=  V54,920  =  234  volts 

Regulation  = son —  ~  ^'^^  P®^  Q^eni.    Ans. 

ig)  Full-load  eff.  (using  high-side  constants) 

^  20,000  X  0.80 ^  16,000 

-  20,000  X  0.80  +  148  -*-  (9.1)«  X  3.72       16,460  " 

97.2  per  cent.    Aw. 
Half-load  eff. 

^ 10,000  X  0.80 ^  8,000  ^ 

10,000  X  0.80  -t-  148  -t-  (4.65)«  X  3.72   8,225 

97.3  per  cent.  Am. 

The  same  values  of  efficiency  are  obtained  if  the  low-side 
current  and  resistance  are  used. 

This  method  of  determining  the  efficiency  is  much  more  accu- 
rate than  an  actual  measurement  of  the  output  and  input, 
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because  the  losses  are  so  small  a  part  of  the  output  that  a  large 
percentage  error  in  their  measurement  will  make  only  a  small 
error  in  the  efficiency.     As  the  output  and  the  input  are  so  nearly 
equal,  it  is  difficult  to  determine   the  efficiency  accurately  by 
direct  measurement. 

Figure  182  shows  the  voltaee  characteristic  and  the  efficiency 
of   a     100-kv-a.,    60-cycle,    2,200/122    to    144-volt    transformer 
plotted  against  load.     It  will  be  noted  that  the  efficiency  is  high 
and  is  practically  constant  from  Jg  load  to  25  per  cent,  overload. 
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d  SheU-type  Transformers.— Transfo 

0  general  types,  the  core  type  and  the 
ws   diffci-  in  the  arrangement  of  the 
pect  to  each  other. 

type  of  transformer  the  winding  or  t 
on  core.     Figures  170,  172,  and  173  art 
ut.  they  represent  core-type  transformen 
the  general  arrangement  of  the  core-t 
ore  is  in  the  form  of  a  hollow  square  m 
nations  about  14  mils  thick.     The&e\s 
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are  usually  built  up  with  rectangular  strips,  the  joints  of  whii:^^ 
butt,  in  the  individual  layers.  However,  the  joints  lap  in  alto-Sz: 
nate  layers,  as  indicated  by  Fig.  183  (6),  which  shows  the  arranp- ^ 
ment  of  joints  in  two  adjacent  layers.  When  a  large  numb»^ 
of  transformers  of  a  single  type  are  being  manufactured,  tl^H 
laminations  are  often  made  of  L-shaped  stampings  stacked  ■ 


(») 


1 


core-typu  distribution 

that  the  joints  alternate.     Figure  183   (c)   shows  a  cwe-ty 
transformer  assembled,  with  leads,  etc.,  but  without  the  c 
If  a  transformer  were  made  with  the  primary  and  secondal 
separate  legs,  as  indicated  in  Figs.  170,  172,  and  1 
an  unsatisfactory  transformer  would  result,  as  the  large  lea 
age   Sux  for   both    primary   and   secondary    would   give   vei 
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filiation.     By  having  both  a  primary  and  a  secondary  on 
%,  as  shown  in  Fig.  183  (a)  and  Fig.  183  (c),  the  leakage  flux 
oed  to  a  very  small  value.     If  the  high-voltage  winding 
iced  next  the  core,  it  would  be  necessary  to  insulate  it, 
im  the  core  and  from  the  low-voltage  winding.     Thus  two 
high-voltage  insulation  would  be  necessary.     By  placing 
-voltage  winding  outside,  and  around  the  low-voltage 
only  the  one  layer  of  high-voltage  insulation,  that  be- 
le  high-  and  low-voltage  windings,  is  necessary. 
ke  core  type  of  transformer  the  mean  length  of  turn  ii 
le  mean  length  of  magnetic 
B  greater  than   it  is  in   the 
jfpe.     The  core  type  of  trans- 
lie  well  adapted  to  high  volt- 
especially     in     the     smaller 
lies,   because   the  insulation 
Q  is  not  difKcult. 


tRangemeiit  of  <M^ilEi  utid  ooro  (b). — Coi[    and   rare  Baaembly   of 

I  shell-type  tranaformer,  Wagner  abell-type  diatribution  trana- 

tornior. 
Fig.  184. — Shell-type  Iransformer. 

shell  type  of  transformer,  the  iron  surrounds  the  copper, 
m  in  Fig.  184.  The  core  has  the  form  of  a  figure  8.  The 
ftix  passes  through  the  central  part  of  the  core,  but  outside 
itral  core  it  divides,  half  going  in  each  direction  as  shown 
184  (a).  This  results  in  a  much  shorter  effective  length 
>etic  path,  but  a  greater  mean  length  of  turn.  The  coils 
3e  in  the  shape  of  pancakes,  usually  wound  with  strip 
These  coils  are  taped,  and  the  primary  and  secondary 
ally  stacked  so  that  each  primary  is  adjacent  to  a  see- 
In  this  manner  the  leakage  iJux  of  troth  primary  and 
jTy  is  reduced  to  a  very  small  value.  In  Fig.  184  (a)  the 
are  the  high  side  and  the  secondaries  are  XXveXo"*  ski's 
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The  Becondaries,  or  low-side  coils,  are  placed  adjacent  to  the  ironm 
order  to  minimize  the  amount  of  high-Voltage  insulation  required^ 
87,  Type  H  Transformer. — In  designing  a  transformer  it  is 
desirable  that  the  nieaii  length  of  turn  be  as  short  as  possible. 
This  reduces  both  the  weight  of  copper  and  the  resistance  and 
reactance  of  the  winding.     This  is  accomplished  in  the  Type  H 
transformer  of  the  General  Electric  Co.  by  making  a  shell-type 
transformer  in  which  the  core  is  cru- 
ciform in  shape,  as  shown  in  Fig.  1S6. 
The    central   core  ai'ound   which   tl 
coils  are  wound  is  operated  at  mut^l 
higher    flux    density    than    the    ia\ 
wings.     Although  the  reluctance  ant 
losses  in  this  core  are  high,  they 
^*''ofT'TH°t™nrf™er'""*    exccssive   when    the   entire   magn( 
circuit    is    considered.     These    trai 
formers  are  used  mostly  as  distribution  transformers  for  steppij 
down  from  2,200  and  1,100  volts  to  220  and  1 10  volts,  so  that 
primary  is  the  high  side.     It  will  be  observed  that  the  low  sidi 
the  seiiondary,  is  next  the  iron.     That  is,  one  of  the  two  low-a< 
eoila  is  next  the  central  core  and  the  other  is  next  the  iron  of 
four  wings.     The  two  high-side  coils  lie  between  the  two  low-aii 
coils,  and  are  not  adjacent  to  the  iron.     The  two  high-side  c( 
are  insulated  from  the  low-side  coils  by  the  mica  shields  repre- 
sented by  heavy  lines.     The  advantage  of  this  design  is  that 
only  moderate  insulation  is  required  between  the  low-side  coils 
and  the  core.     As  high-voltage  insulation  need  be  used  ontpi 
between  the  high-  and  the  low-voltage  coils,  a  miniTnnm  amoi 
of  high-voltage  insulation  is  required. 

In  designing  a  transformer,  provision  should  be  made  for  keep^' 
ing  it  cool.     Spaces  or  ducts  should  be  left  between  coils  and 
between  coils  and  core.     Such  ducts,  or  channels,  are  shown  in 
Fig.  185.     The  oil  in  these  ducts  becomes  heated,  its 
gravity  decreases,  and  the  oil  rises.     When  it  comes  in  con1 
with  the  transformer  case  it  cools,  which  increases  its 
gravity,  and   it  therefore   flows  downwards  outside  the  trai 
former  coils,  and  is  subjected  to  further  cooling.     There 
continuous  circulation  of  oil  up  through  the  coils  and  the  C( 
which  carries  away  the  heat. 


■nty 

iudM 
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Figure  186  shows  a  Type  H  transformer  asaemblcd,  but  re- 
moved from  its  case. 

88.  Cooling  of  Transformers. — All  the  energy  lost  in  a  trans- 
former must  be  dissipated  as  beat.  Although  this  energy  is  but 
a.  small  proportion  of  the  total  energy  undergoing  transformation, 
it  becomes  quite  large  in  amount  in  the  larger  capacity  trans- 
formers. The  larger  the  transformer  the  more  difficult  it  be- 
comes to  dissipate  the  beat,  for  the  kilowatt  capacity  of  the 
transformer  increases  much  faster  than  the  radiating  surface. 


■  Transformers  are  divided  into  two  classes,  self-cooled  types 

■  and  artificially-cooled  typws.  The  self-cooled  types  are  usually 
immersed  in  oil.  The  oil  within  the  windings  and  core  becomes 
heated  and,  because  of  the  lesser  density  of  the  heated  oil,  it  rises 
to  the  top  of  the  case,  where  it  becomes  cooled.  The  cooled  oil 
has  a  greater  density  than  the  warm  oil  and  so  flows  downwards, 
in  close  contact  with  the  case,  where  it  is  further  cooled.  After 
it  reaches  the  bottom  of  the  transformer  it  again  rises,  passing 
up  through  the  windings.  In  addition  to  carrying  heat  away  from 
the  windings  and  core,  the  oil  is  an  excellent  insulator  and  dielectric. 
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In  the  moderate  sizes  of  transformers,  the  radiating  surface  is 
increased  by  corrugating  the  case  (Fig.  187).  As  transformers 
increase  in  capacity,  it  becomes  difficult  to  dissipate  the  heat  by 
means  of  the  surface  of  the  case  alone.  One  method  of  increasing' 
the  radiating  surface  is  to  use  exterior  tubes  running  from  the  top: 


warn 

B^^' 

1 

s 

1 

1 


46,000- 23.000-Vt* 


ot  the  case  to  the  bottom  (Fig.  188).     The  hot  oil  passes  od 
from  the  tank  into  the  top  of  the  tubes,  is  gradually  cooled  a 
descends  through  the  tubes  to  the  bottom  of  the  tank  where! 
again  passes  tip  through  the  windings  and  core. 


yU 
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Bformers  having  this  tubular  construction  are  limited  in 
^  the  side  and  overhead  clearances  of  the  railroads.  The 
t  principle  can  be  utilized,  however,  by  bolting  radiators  to 
mg  to  take  the  place  of  the  tubes,  as  is  shown  in  Figs.  189 
As  these  radiators  are  held  by  bolts,  they  may  be  re- 
Iduring  sbipment  and  bolted  in  place  when  the  transformer 


Jled.     Figure  191  shows  the  core  and  windings  of  the  radi- 

e  of  transformer  of  Fig.  190.     It  will  be  observed  that  this 

fiell  type  of  transformer.     When  the  leads  are  carried  out 

gh  bushings  in  the  transformer  cover  it  is  necessary  to  sup- 
,he  core  and  windings  entirely  from  the  cover.  The  cover 
die  core  and  windings  can  then  be  lifted  as  a-wxA. 
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There  are  two  different  types  of  artificially-cooled  transformers, 
air-cooled  and  oil-cooled  transformers.  The  air-cooled  or  air- 
blast  type  is  ordinarily  mounted  on  a  platform  under  which 
air  pressure  is  maintained  by  means  of  blowers  (Fig.  192). 
The  air  is  forced  up  through  the  transformer  windings,  keeping 
them  at  the  proper  temperature.  The  advantage  of  air-cooled 
transformers  is  that  fire  risk  is  reduced  because  the  danger  of 
flooding  the  station  unth  burning  oil  is  eliminated.     They  are 


,400-6,600  '6,390/6,270. voit, 


therefore  used  extensively  in  substations  which  are  located  in 
congested  districts.  On  the  other  hand,  this  type  of  transformer 
does  not  have  the  dielectric  strength  which  the  oil  adds  to  the 
insulation.  Eor  this  reason  air-cooled  transformers  are  seldom 
manufactured  for  potentials  in  excess  of  30,000  volts. 

The  most  common  method  of  artificially  cooling  the  oil  type  of 
troDBformer  is  to  place  a  copper  coW  m  the  t.013  of  the  transformer  J 
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B;irculate  cooling  water  through  the  coil.  This  coil  is 
ere  it  is  in  contact  with  the  hot  oil  (Fig.  193),  Careful 
tests  should  be  made  at  regular  intervals  for  leaks  in  the  cooling 
coils,  as  the  presence  of  a  very  slight  anioimt  of  water  in  the  oil 
greatly  impairs  its  insulatinR  and  dielectric  properties. 


89.  Three-phase  Transformers. — Three-phase  transformers 
have  considerably  less  weight  and  occupy  much  less  floor  spaces 
than  three  single-phase  transformers  of  equal  capacity.  For  this 
reason  they  are  commonly  used  in  practice.  Tho  principle  of 
the  three-phase  core-type  transformer  is  illustrated  by  Fig.  194 
(a).  Three  single-phase  transformers  (secondaries  not  shown) 
have  each  a  primary  winding  upon  one  leg.  These  transformers 
are  symmetrically  wound  and  each  winding  is  connected  to  one 
wire  of  a  three-phase  system.     These  cores  are  pXaced ilQ'  ft.-^?aV 


J 


S. — Watar-cooled,  ahell-lype   IraoBformcr  removed  trom  it 
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hat  the  empty  legs  of  the  three  are  in  contact.    The  center 
formed  by  these  three  carries  the  sum  of  the  three  fluxes 


duced  by  the  three-phase  currents  /i,  I2  and  /j.     As  the  sum 
he  three  currents  at  any  instant  is  zero,  the  sum.  ol  ^X*  "Okksri 
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fluxes  must  also  be  zero.  No  appreciable  flux  exists  in  the  com- 
mon leg  and  this  leg  may  be  eliminated,  therefore,  without  disturb- 
ing existing  conditions.  A  more  practical  arrangement,  from  the 
construction  standpoint,  is  shown  in  Fig.  194  {b).  The  reluc- 
tance of  the  magnetic  circuit  for  the  center  coil  is  less  than  it  is 
for  the  two  outer  coils.  This  makes  the  magnetizing  current  of 
the  middle  phase  shghtly  less  than  that  of  the  two  outer  phases, 
but  the  magnetizing  currents  are  so  small  that  this  has  no  notice- 
able effect  on  the  operation  of  the  transformer. 

Figure  195  shows  a  three- 
phase,  ahell-type  transformer. 
It  does  not  differ  from  three 
Bingle-phase,  shell-type  trans- 
formers laid  side  by  side. 
Owing  to  the  joint  use  of  the 
Ml  tgriL'tic  paths  between  the 
1  uiK  there  is  less  iron  in  this 
t\  |je  of  transformer  than  in 
three  equivalent  single-phase 
units  As  each  phase  has  a 
magnetic  circuit  independent 
of  the  others,  the  three  phases 
are  more  independent  of  one 
another  than  they  are  in  the 
core  type.  Figure  188  shows  a  complete  three-phase  trans- 
former with  a  tubular  tank. 

The  lower  cost  of  three-phase  transformers  and  the  smaller 
space  occupied  by  them  is  often  balanced  by  the  fact  that  if  any 
one  phase  becomes  disabled,  the  whole  transformer  must  ordi- 
narily be  removed  from  service.  (The  shell  type  may  be  oper- 
ated open  delta  at  58  per  cent,  of  its  rating,  but  this  is  not  alwaj'S 
feasible.)  If  one  transformer  of  a  three-phase  bank  of  single- 
phase  transformers  becomes  disabled,  the  system  may  nin  open 
delta  at  reduced  capacity  or  the  transformer  may  be  replaced 
by  a  single  spare  which  can  be  readily  substituted. 

90.  Auto-transfonaers. — Figure  196  shows  a  drop  wire,  having 
a  resistance  of  10  ohms,  connected  across  a  100-volt  supply. 
The  supply  may  be  either  direct  or  alternating  current,  A  load 
having  a  resistance  of  5  ohms  is  tapped  to  the  middle  of  the  drop 


Pia.   195. — ArranKement  o!  coiU  and 
laminations  in  3-pbaBe,  ahell-type  trans- 
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wire  and  to  one  side  of  the  line.  The  parallel  resistance  of  the 
two  5H3hm  coils  is  2.5  ohms,  which  being  in  series  with  5  ohms 
makes  a  total  resistance  of  7.5  ohms  across  the  100-volt  circuit. 
The  total  current  flowing  is  100/7.5  =  13.3  amp.  This  13.3 
amp.  divides  equally  between  the  two  parallel  resistances,  making 
6.67  amp.  in  each.  The  voltage  across  the  single  5-ohin  resis- 
tance is  66.7  volts  and  that  across  the  5-ohra  resistance  which 
constitutes  the  load  is  33.3  volts.     In  +    ■>    , 

order  to  obtain  6.67  amp.  at  33.3 
volts  with  this  system,  the  line  must 
supply  13.3  amp.  at  100  volts.  The 
efficiency  of  this  system  is  therefore 
very  low. 

Figure  197  (a)  shows  a  transformer   Fio.  i96.- 
whose  primary  ac  is  connected  across  "^  ayHtem. 

100-volt  alternating-current  supply.  The  secondary  b'c'  has 
just  half  the  number  of  turns  of  the  primary  ac,  and  therefore 
the  voltage  across  the  secondary  is  50  volts.  This  secon- 
dary b'(/  supplies  a  2.5-ohm  resistance  so  that  the  secondary 
current  is  20  amp.  Instantaneous  directions  of  currents  are 
indicated.  Neglecting  the  magnetizing  current,  the  primary  cur- 
rent /fld  is  10  amp.  flowing  downwards  as  indicated.  It  will  be 
noted  that  the  secondary'  current  IJh  is  20  amp.  flowing  upwards. 


Fiu.   197.— Currei 


lupplying  load  at  50 


If  the  secondary  winding  b'c'  be  combined  with  the  part  be 
of  the  primary  winding,  where  b  is  the  mid-point  of  the  winding 
ac,  no  disturbance  will  occur,  as  the  voltage  Vci,  is  equal  to  the 
voltage  V/i  and  the  two  are  substantially  in  phase.  (The  cur- 
rent flows  against  the  emf.  in  winding  be  and  with  the  cmf.  in 
winding  b'c'.)  Aa-sume  that  the  windings  he  and  b'c'  are  in  con- 
tact at  every  point  giving  a  single  winding,  aa  shown  in  Fig.  197 
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(h).  The  current  /<*  wiE  now  be  the  algebraie  difference  <rf  the 
original  primary  current  Ibc  and  the  secondary  current  /A',  or  10 
amp.  aa  shown.  Therefore,  in£Ftead  of  having  two  windings,  one 
of  which  carries  10  amp.  and  the  other  20  amp.,  a  aingli*  winding 
only  is  necessary  and  its  rating  need  not  be  greater  than  10  amp. 
The  copper  represented  by  the  20-&mp.  secondary,  Rg.  197  (a), 
may  in  this  case  be  eliminated  and  yet  there  is  sufficient  copper 
to  transfer  the  same  power  from  one  circuit  to  the  oth^.  Such 
a  transformer  is  called  an  aMto-^ransformer  or  compensator. 

The  primary  voltage  is  Eae  and  the  winding  ac  ree^ves  the 
power;  the  secondary  voltage  is  Ebe^  the  ratio  of  transformation 
is  EhrJEac]  the  magnetizing  current  flows  throu^  winding  ac. 
Therefore,  the  winding  ae  could  property  be  con^dered  as  the 
primary  and  the  winding  he  as  the  secondary.  When  discussing 
the  current  and  power  relations  within  the  transformer  itself, 
the  treatment  is  simplified  by  considering  the  winding  ah  as  the 
primary  and  the  winding  he  as  the  seccmdary,  the  magnetizing 
current  being  neglected. 

The  coil  he  supplies  power  to  the  load  and  is  the  secondary  of  a 
transformer  of  which  cib  is  the  primary.  Ne^eeting  losses  and 
magnetizing  current,  both  of  which  are  small: 

The  power  delivered  to  the  load  is  50  X  20  =  1,000  watts. 

The  power  in  the  primary  oft  is     "  50  X  10  =     500  watts. 

The  power  in  the  secondary  6c  is    50  X  10  =     500  watts. 

Only  500  watts  are  transformed,  but  1,000  watts  pass  to  the 
load. 

The  extra  500  watts  are  nU  transformedy  but  merely  flow  con- 
dttctively  from  the  line  a^a  to  the  line  M.  In  this  case  but  half 
the  total  power  is  transformed. 

In  the  drop  wire,  the  ciurent  flowing  from  a  to  6,  Fig.  196, 
undergoes  a  drop  in  potential.  The  power,  represented  by  the 
product  of  this  drop  in  potential  and  the  current,  goes  to  heat 
the  wire  ab.  In  the  auto-transformer,  however,  the  power  repre- 
sented by  the  current  undergoing  a  drop  in  potential  from  a  to  6, 
Fig.  197  (b)y  is  not  wasted,  but  is  transferred  to  the  magnetic  field. 
This  power,  transferred  to  the  magnetic  field,  appears  in  the 
winding  be  where  a  current  of  10  amp.  is  raised  50  volts  in  poten- 
tial. That  is,  by  transformer  action,  power  is  transferred  from 
'  ding  ah  to  winding  6c. 
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Although  diagrammatically  the  auto-transformer  looks  like 
a  drop  wire,  its  operation  is  entirely  different.  The  auto-trans- 
fornaer  is  superior,  both  as  regards  efficiency  and  voltage 
regulation. 

Figure  198  (a)  shows  a  regular  transfornaer,  which  transforms 
1,500  watts  from  100  volts  and  15  amp.  to  75  volts  and  20  amp. 
That  is,  the  voltage  is  stepped  down  in  the  ratio  of  4  to  3.  The 
primary  current  I^c  is  15  amp.,  and  the  secondary  current  hv  is 
20  amp.  as  shown.  When  the  windings  be  and  b'c'  are  combined 
to  make  an  auto-transformer,  Fig.  198  (b),  the  net  current  in  6c 
is  but  5  amp.  The  winding  b'c'  in  (o)  may  be  eliminated  entirely 
and  winding  be  in  (b)  need  be  only  one-third  the  cross-section  of 


r%].. 


the  winding  be  in  (a).  Hence  there  is  a  very  considerable  saving 
in  copper  in  the  auto-transformer  over  the  regular  transformer. 

In  Fig.  198  (fc), 

Primary  power  in  at  =  25  X  15  =  375  watts. 

Secondary  power  in  6c  =  75  X  5  =  375  watts. 

Transformed  power  =  375  watts. 

Power  conducted  must  then  be  1,500  ~  375  =  1,125  watts. 

Only  one-fourth  the  total  power  involved  is  now  Iransformed, 
whereas  in  Fig.  197,  one-half  the  total  power  was  transformed. 

The  auto-transformer  is  sometimes  called  a  compensator. 
It  is  a  type  of  transformer  which  transforms  a  portion  of  the 
energy  and  allows  the  remainder  to  flow  conductively  through 
its  windings.  Its  action  is  analogous  to  the  balancer  set.  (See 
Vol.  I,  Page  391,  Par.  249,)  The  current  /ai  in  dropping  through 
the  voltage  E„b  raises  the  current  /,*  to  the  voltage  E^b.  Wind- 
ing ab  corresponds  to  the  motor  and  winding  be  to  the  generator 
of  Fig.  352,  Vol.  I,  page  391.     In  fact,  a  compensator  tan. 'oa  vi's^A. 
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to  obtain  the  neutral  of  an  alternating-current  three-wire  systera 
in  the  same  manner  as  a  Balancer  set  is  used  to  obtain  the  neu- 
tral in  a  direct-current  three-wire  system.  The  connections  of  B 
compensator  used  in  this  manner  are  shown  in  Fig,  199.  Tlie 
compensator  is  superior  to  the  balancer  set  both  in  efficieci.'y 
and  in  maintenance. 

For  moderate  ratios  of  transformation,  the  compensator  is 
much  more  economical  in  the  use  of  materials  and  has  a  much 
higher  efficiency  than  a,  tranaformer  which  transforms  all  the 
power.  With  the  higher  ratios  of  transformation,  more  and 
more  of  the  ptower  is  transformed  and  less  and  less  conducted- 
So  the  auto-transformer  is  economical  only  for  small  ratios  of 


transformation.  Also  the  low  side  and  the  high  aide  are  con- 
nected together  eonductively.  Therefore,  in  commercial  systems 
the  low  side  should  be  grounded  at  the  proper  point  for  reasons  of 
safety,  if  the  high-side  voltage  ia  sufficiently  high  to  be  dangerou.*!. 
An  ordinary  lighting  transformer  can  be  used  as  an  auto-trans- 
former to  change  the  voltage  by  a  moderate  amount.  Figure 
200  shows  a  20-kv-a.,  2,200  to  220-volt  transformer.  The  rated 
primary  current 


20,000 
2,200  ■ 


9.1  amp. 


=  91  amp. 


and  the  rated  secondary  current 
^  20,000 
-         220 

The  high  and  low  sides  can  carry  9,1  and  91  amp.,  respec- 
tively, without  exceeding  their  ratings.  The  low  aide  may  be 
connected  to  raise  the  voltage,  as  shown  in  Fig.  200-  Ninety- 
one  amperes  can  flow  to  the  load  without  overloading  the  low- 
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tension  coil.  This  requires  9.1  amp.  in  the  high-aide  coil  which 
is  now  acting  as  primary.  The  line  current  from  the  supply 
must  be  100.1  amp.  If  the  transformer  losses  are  neglected,  the 
power  supplied 

Pi  =  2,200  X  100.1  =  220,220  watts 
power  delivered 

Pi,  =  2,420  X  91  =  220,220  watts 
power  transformed  =  91  X  220  =  20,000  watts. 

Assume  97   per  cent,   efficiency  for  the   transformer.     This 
means  that  the  loss  is  0.03  X   20,000  =  600  watts. 
The  efficiency  of  the  system  is 
^  220,220 


i  per  cent. 


220,220  +  600  ' 
iTt  is  to  be  noted  that  a  device  of  this  type  ia  very  similar  to  the 
series  booster  described  in  Vol.  I,  page  304,  Par.  204,  but  that  it 
is  much  simpler  and  much  more  efficient.  When  an  ordinary 
lighting  transformer  is  used  in  this  manner  the  low-side  winding 
should  be  grounded  at  one  point  as  the  insulation  between  the 
low  side  and  core  ia  not  designed  to  withstand  full  high-side 
potential. 

91.  Transformer  Connections. — There  are  several  methods  of 
connecting  three-phase  transformer  banks,  as  for  example, 
Y-Y,  A-i,  A-Y,  Y-A,  V-V,  T-T,  etc. 


Flo.  201.— Y-Y 


Figure  201  shows  a  Y-Y  connected  transformer  bank,  which 
may  be  cither  a  step-up  or  a  step-down  bank.  Unless  the 
primary  neutral  is  connected  to  the  generator  neutral,  this  con- 
nection has  the  objection  of  having  a  "floating"  neutral.  An 
extreme  case  is  illustrated  by  attempting  to  place  a  load  from 
wire  2  to  the  neutral,  on  the  secondary  side.     This  power  must 
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be  supplied  by  primary  coil  2.  This  primary  coil  cannot  supply 
the  power  because  it  is  in  series  with  the  primaries  1  and  3  whose 
secondaries  are  open-circuited.  The  two  primaries  1  and  3  under 
these  conditions  act  as  very  high  impedances  so  that  the  primary 
2  can  obtain  but  very  little  current  through  them  from  the  line. 
Therefore,  transformer  2  can  supply  no  appreciable  power.  In 
fact,  the  secondary  of  2  may  be  short-circuited  and  only  a  small 
current  will  flow.  The  short-circuit  merely  pulls  the  primary 
and  secondary  neutrals  over  to  wire  2. 


Primaries  Secondaries 

Fig.  202. — Delta-delta  connection  of  transformers. 

This  difficulty  of  the  "floating''  neutral  may  be  obviated  by 
connecting  the  primary  neutral  back  to  the  generator  so  that 
the  primary  of  transformer  2  caii  take  its  power  from  between 
its  line  and  the  neutral.  Anothet  objection  to  Y-Y  connection 
is  the  fact  that  the  secondary  coil  voltages  contain  large  third 
harmonics. 


Pnroariet 


Becondariei 
Fig.  203. — Delta-Y  connection  of  transformers. 

The  delta-delta  bank  shown  in  Fig»  202  is  often  used,  especially 
for  moderate  voltages.  Its  chief  advantage  is  that  if  one  trans- 
former becomes  disabled,  the  system  may  operate  in  "V''  or 
open  delta.  In  both  the  Y-Y  and  the  delta-delta  connections, 
the  ratios  between  the  primary  and  secondary  line  voltages  are 
the  same  as  the  individual  tranaioTmei  t^\ao^* 
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The  delta-Y  connection  shown  in  Fig.  203  is  a  very  useful 
connection  for  stepping -up  the  voltage.  It  is  not  open  to  the 
objection  of  a  "ffoating  neutral"  and  of  wave  distortion,  such 
as  the  Y-Y  connection  involvea.  Another  distinct  advantage  of 
delta-Y  connection  over  the  delta-delta  connection  is  that  for 
high  voltages  the  transformcra  need  not  be  so  well  insulated. 
For  a  100,000-volt  Bystem,  the  Y-connected  transformers  need 
be  insulated  only  for  58,000  (100,000/^3)  volts,  whereas  delta- 
connected  transformers  must  be  insulated  for  100,000  volts. 
The  Y-delta  system  is  often  used  for  stepping  down  the  voltage. 

The  ratio  between  line  voltages  in  these  two  systems  is  not  the 
individual  transformer  ratio,  for  the  line  voltage  on  the  Y-side  is 
■\/3  times  that  given  by  the  transformer  ratio.  A  delta-Y  bank 
cannot  be  paralleled  with  a  Y-Y  or  a  delta-delta  bank,  even  al- 
though the  voltage  ratios  are  correctly  adjusted,  as  there  will  be 
a  30°  phase  difference  between  corresponding  voltages  on  the 
secondary  side. 

Transformer  primaries  may  be  connected  in  either  Y  or  delta 
without  any  attention  being  paid  to  phase  relations.  The 
secondaries  must  be  phased  like  the  alternator  coils  in  Par.  59, 
page  12.5.  The  primaries  of  three-phase  transformers,  however, 
must  be  correctly  connected  as  regards  phase  relations.  The 
actual  phasing  is  often  avoided  as  the  primary  and  secondary 
connections  are  brought  out  of  the  case  symmetrically. 

92.  The  V-connection, — It  was  pointed  out  in  Par,  59,  page 
125,  that  line  voltage  must  exist  between  the  open  ends  of  the 


two  coils  of  the  delta  before  the  third  one  is  connected.  At  no 
load,  with  only  two  transformers,  three  equal  three-phase  voltages 
exist  around  the  secondaries  and  a  three-phase  ttana^o^tfta.'OiOTi'Yi 
therefore  poBBJUe  with  only  two  transformers.     T\vvs\s  ca&ei'Octfi  ' 
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"\"  or  open-delta  connection.  Fig.  204.  Under  baUoted  loaifc, 
the  voltagea  may  become  slightly  unbaE&nced.  This  is  not 
ous  in  commercial  transformers,  as  their  regulation  b  seldom 
greater  than  2  or  3  per  cent. 

At  first  thought  it  might  appear  that  the  V-eonaection  woaM 
have  two-thirds  the  capacity  of  the  delta-connection-  Both 
transformers  work  at  a  reduced  power-factor  wl^n  connected  in 
V.  even  though  the  power-factor  of  the  load  remains  fixfi 
Therefore,  the  kv-a.  capacity  of  the  V-connectioo  is  leas  than 
two-thirds  of  the  kv-a.  capacity  of  the  delta-connection  ha™g 
individual  transformers  of  equal  rating.  The  ratio  of  the  V- 
capacity  to  the  delta-capacity  ia  l/-\/3  =  58  per  cent,  rather  thui 
66^  per  cent.     This  can  be  proved  &»  follows: 

Let  /  be  the  rated  current  of  each  transformer  and  £  the  line 
voltage.     The  jwwer,  at  unity  power-factor.  Fig.  201.  is 

P,  =  V3EI 

\s  the  transformer  rating  ia  determined  by  the  current,  tbe 
output  of  three  of  these  transformers  in  delta  would  be 


P,  " 


=  V^ 


or  58  per  cent. 


Oftentimes  in  practice  a  V-bank  of  transformers  is  first  in- 
stalled. The  third  transformer  b  added  when  the  increase  is 
load  on  the  system  warrants  it.  The  rating  of  the  bank  is  then 
increased  73  per  cent,  with  an  investment  increase  of  but  50 
per  cent, 

93.  The  Scott  or  T-connection.— By  means  of  the  Scott  or 
T-i;onnPction  it  is  possible  to  transform  not  only  from  three-phase 
to  thrci'-phnac  I'V  means  of  two  transformers,  but  also  from  thi 
phuw^  to  I  wo-phase  or  from  two-phase  to  three-phase.  The  method 
of  mnnecling  for  three-phase  to  tiiree-pha.se  transformatioD  '9 
nbown  in  Hg.  205  {a)  and  (b).  Two  transformers  having  pii- 
Itinrit^tt  tid  (ind  he  and  secondaries  a'd'  and  b'c'  are  used.  The 
dli'  pnini  li  of  the  winding  be  and  d'  of  the  winding  fcV  must 
-»  «MitiU>.     One  end  d  of  the  primary  winding  ad  is  connected 

B  point  rf  of  the  primarj'  be.    The  respective  ends  of 
Is  ftro  couQOCtcd  to  the  three-phase  supply  abc,    Thft 
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.nsforraer  be  ia  called  the  main,  transformer  and  ad  the  leaseT 
tranaformer. 

Figure  205  (c)  shows  the  voltage  diagram.  The  three-phase 
supply  is  assumed  to  be  100  volts  across  tiaes  and  the  transformers 
tiave  a  one-to-one  ratio. 

The  voltages  Eg^  and  E^b  are  each  equal  to  50  volts  and  are  180° 

part,  since  coil  dc  and  coU  db  are  both  on  the  same  magnetic 


circuit.  Each  side  of  the  equilateral  triangle,  Fig.  205  (c),  is 
equal  to  100  volts.  The  voltage  Eda  is  the  altitiUde  of  the  equi- 
lateral triangle  and  is,  therefore,  equal  to  100-\/3/2  or  86.6  volts. 
The  same  relations  hold  in  the  secondary  coils,  so  that  a'b'c'  is  a 
symmetrical  three-phase  system.  The  full  capacity  of  the  trans- 
formers is  not  utilized,  however.  The  teaser  transforlner  oper- 
ates at  only  86.6  per  cent,  of  its  rated  voltage  and  in  the  coils  bd 
and  dc  the  current  lags  30°  in  one  and  leads  30°  in  the  other  at 
unity  power-factor.  This  gives  a  power-factor  of  0.866  in  the 
transformer  coils  and  is  therefore  equivalent  to  the  transformers 
operating  at  only  86,6  per  cent,  of  their  rated  kv-a.  capacity. 
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However,  if  the  teaser  is  designed  for  86.6  per  cent,  voltage, 

operates  at  full  capacity  and  the  capacity  of  the  system  is  th« 

100x0.866  +  86.6       ^^oq    (»u    *.i»        f 

" v^r,   I   oc  a  •  •      =  0.928  of  the  total  transformer  capacity. 

lUU  +  80. o 

If  the  ends  b'  and  d'  of  the  secondaries  be  connected,  as  sho^ 

in  Fig.  206  (a),  a  two-phase,  three-wire  system  results,     Tl 

voltage  E/a'  is  equal  to  only  86.6  volts,  whereas  the  voltage  E^ 

equals   100  volts.     Therefore,  the  resulting  two-phase  syst-e 

has  unequal  voltages.     This  may  be  corrected,  however,  if  t] 


I 


line  a  be  connected  to  point  Oi  on  the  primary  of  the  teaser  tran 
former,  the  point  oi  being  such  that  dai  represents  86.6  per  cei 
of  the  total  winding  of  the  teaser  transformer,  as  shown  in  Pi 
206  (6).  This  will  increase  the  volts  per  turn  in  the  ratio  of  l< 
to  86.6  and  will  raise  the  secondary  voltage  a  correspondil 
amount.  Therefore,  a  symmetrical  two-phase,  three-wire 
tem  results.  By  tying  the  middle  points  of  the  secondi 
together,  a  symmetrica]  two-phase,  four-  or  five-wire  system  mi 
be  obtained,  as  shown  in  Fig.  207. 

In  any  of  the  foregoing  connections,  d  is  not  the  neutral  of  ti 
primary,  as  it  is  not  the  center  of  gravity  of  the  voltages.     Tl 
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voltages  from  the  point  0  {Fig.  205  (c)  and  Fig,  206  (b))  to  a,  b 
and  c  are  all  equal.  Therefore,  point  0  is  the  neutral  of  the  pri- 
mary system.  Point  0  is  two-thirds  the  way  down  the  teaser 
transformer  winding  from  ai  to  d,  Fig,  206  (b). 

In  these  connections  the  voltages  become  slightly  unbalanced 
even  under  balanced  loads.  This  is  due  to  the  unsymmetrical 
phase  relations  among  the  voltages  and  the  currents  in  the 
individual  coils. 


^ 


:ed  voltages. 


94.  Constant-current  Transformers. — The  transformers  here- 
tofore considered  are  constant  potential  transformers;  that  is, 
the  secondary  voltage  remains  substantially  constant  and  a 
change  of  load  is  accompanied  by  a  corresponding  change  of 
current.  There  are  instances  where  a  constant  current  is  desired, 
the  most  common  being  series  street  lighting.  It  will  be  recalled 
that  constant  direct  current  is  obtained  from  a  series  generator. 
Constant  alteniating  current  is  ordinarily  obtained  from  a  con- 
stant current  or  "tub"  tr.insforraer. 

The  construction  of  the  transformer  is  such  that  the  primary 
and  the  secondary  can  move  with  respect  to  each  other.  The 
primary  coil  may  be  fixed  and  the  secondary  may  move  or  the 
secondary  coil  may  be  fixed  and  the  primary  may  move.  Both 
types  are  found  in  practice.  Figure  208  shows  a  transformer  in 
which  the  primary  is  stationary  and  the  secondary  is  movable. 
The  load  consists  of  a  number  of  lamps  connected  in  series.  The 
secondary  is  suspended  from  a  lever  which  is  counter- weigh  ted. 
A  dashpot  is  provided  to  prevent  rapid  fluctuations  in  the  posi- 
tion of  the  moving  coil. 

The  operation  of  the  transformer  is  as  follows :  Assume  that  the 
secondary  coil  is  "floating";  that  is,  it  is  free  to  move  either  up  or 
down  and  b  delivering  a  certain  current  to  a  series  load.    tW 
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eurrenta  in  the  primary  and  secondary  flow  in  opposite  direc= 
tiona  (Fig.  209).  Therefore,  there  is  repulsion  between  th™ 
two  coils.  Assume  that  the  load  changes,  for  example  it  de= 
This  change  of  load  would  be  produced  by  short-circuit 
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ing  one  or  more  lamps,  causing  a  decrease  in  the  load  resistance. 
Because  of  the  decreased  load  resistance,  first  the  secondary 
and  then  the  primary  current  tends  to  increase.  This  increases^ 
the  repelling  force  between  the  two  coils,  resulting  in  the  secon-. 
dary  moving  further  away  from  the  primary.  The  leakage  fluX- 
between  the  two  coils  is  thus  increaaed, 
and  this  reduces  theseeondaryinduced' 
volts.  The  secondary  coil  will  move* 
away  from  the  primary  until  the 
secondary  current  is  again  at  its 
normal  value.  The  action  of  such  a 
transformer  depends  on  the  change 
in  leakage  flux  of  both  primary  and 
secondary,  as  is  shown  in  Fig.  209, 
Because  of  its  large  proportionate 
leakage  flux  this  type  of  transformer  has  a  very  low  pow 
factor  except  at  or  near  its  maximum  load.     This  is  one  objec*. 
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Fig.  209.— Fluir-piitha 


tion  to  its  use. 
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Magnetite  arcs  require  a  imi-directional  current  for  their  proper 
operation.  (See  Chap.  XIII,  page  431,  Par.  196.)  In  order  to 
obtain  this  current  economically  by  the  use  of  the  constant-cur- 
rent transformer,  mercury-arc  rectifiers  are  used  in  connection 
with  the  transformer.  Ordinarily  two  rectifier  tubes  are  con- 
nected in  series.  The  diagram  of  connectio»"s  for  a  single  recti- 
fier tube  is  shown  in  Fig.  210.     The  mercury  arc  has  the  property 
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Fio.  210. — Constant-current  transformer  and  mercury-arc  rectifier. 

of  aflowing  current  to  pass  in  but  one  direction.  When  current 
tends  to  pass  in  the  opposite  direction  the  mercury  vapor  acts 
like  a  valve  and  prevents  its  flow.  If  there  were  but  one  circuit 
through  the  rectifier  the  negative  half  of  the  wave  would  be 
^Jinunated  and  the  result  would  be  a  number  of  disconnected 
'^ves,  as  shown  in  Kg.  211  (a).  The  rectifier  would  not  oper- 
ate under  these  conditions  as  the  arc  would  go  out  between 
waves  and  would  fail  to  re-establish  itself.  By  using  two  anodes, 
a  succeadon  of  connected  waves.  Fig.  211    (6),  is   obtained. 
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Even  under  these  conditions,  the  current  becomes  zero  twice 
each  cycle,  so  that  the  arc  cannot  re-establish  itself.  By  using 
reactance,  Fig.  210,  the  current  is  held  over  each  half-cycle,  re- 
sulting in  a  rippled,  uni-directionat  current  wave,  Fig.  211  (c), 
(Also  see  Chap.  XI,  page  336,  Par.  137(3).) 

The  starting  anode  shown  in  Fig.  210  is  an  electrode  which 
sends  a  current  at  low  voltage  through  the  liquid  mercury, 
causing  it  to  vaporize,  and  in  thin  way  establishes  the  initial 
arc.  The  mercury-arc  rectifier  used  under  these  conditions  has 
a  very  high  efficiency,  as  the  volt^e  drop  across  the  tiibeitseK 
is  small  compared  with  the  circuit  voltage.  The  tubes,  how- 
ever, are  fragile  and  occasional  renewals  are  necessary. 
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Fig.  2]  I  .—Rectified  i! 
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96.  Electrical   Measurements   at   High   Voltages. 

usually  practicable  to  connect  instruments  or  meters  direc 
to  high- voltage  circuits.  Unless  the  high- voltage  circuit 
grounded  at  the  instruments,  they  may  be  subjected  to  hi^ 
voltage  stresses  to  ground.  This  makes  it  dangerous  for  anyone 
to  come  in  contact  with  the  switchboard  apparatus.  Further, 
instruments  become  inaccurate  when  connected  directly  to  high 
voltage,  because  of  the  electrostatic  forces  which  act  on  the 
indicating  element.  Specially  designed  instruments  may  be  » 
constructed  that  they  can  be  connected  directly  to  high-voltage 
circuits,  but  these  instruments  are  usually  expensive  and  are  not 
suitable  for  commercial  work. 
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By  means  of  inatrumerit  transformers,  instruments  may  be 
itirely  insulated  from  the  high-voltage  circuit  and  yet  indicate 
icurately  the  current,  voltage,  power,  etc.,  in  the  high-voltage 
rcuit.  Moreover,  low-voltage  instruments  having  standard 
irrent  and  voltage  ranges  may  be  used  for  all  high-voltage 
Tcuits,  irrespective  of  the  voltage  and  current  ratings  of  the 
ireuits. 

96.  Potential  Transformers. — Potential  transformers  do  not 
iSer  materially  from  the  constant-potential  transformers  already 
iscussed,  except  that  their  power  rating  is  small.  Below  5,000 
oils  they  are  usually  air-cooled  and  above  this  they  are  usually 
'il-eooled,  the  oil  being  used  more  for  its  dielectric  qualities  than 
or  cooling  purposes.     As  only  instruments  and  sometimes  pilot 
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^a.  2l2.~UBe  of  potential  tranafonner  oo  a  13,200>volt  flingle-phoBe  circuit 

■glita  are  connected  to  their  secondaries,  such  transformers 
>r(linariiy  have  ratings  of  from  40  to  200  watts.  The  low-tension 
Ida  is  almost  always  wound  for  110  volts  and  the  ratio  is  then 
'etermined  by  the  rating  of  the  high-voltage  winding.  For 
Sample,  a  13,200-voIt  potential  transformer  would  have  a 
5tio  of  13,200/110  =  120:1.  The  ratio  of  turns  may  vary  a 
*r  cent,  or  so  from  this  value  to  allow  for  the  transformer  im- 
pedance drop  under  load.  Figure  312  shows  a  simple  connec- 
lon  for  measuring  voltage  in  a  13,200-volt  circuit  by  means  of 
potential  transformer.  The  secondary  should  always  be 
raunded  at  one  point  to  eliminate  "static"  from  the  instrument 
id  further  to  insure  safety  to  the  operator.  Figiu-e  216  shows 
potential  transformer  used  in  conjunction  with  a  current  trans- 
ifmer  for  measuring  power  by  means  of  a  wattmeter. 
87.  Current  Transformers. — To  avoid  connecting  alternating- 
UTcnt  ammeters  and  the  current  coils  of  other  instruments 
rectly  in  high-voltage  lines,  current  transformers  are  used.    In 
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addition  to  insulating  the  instruments  from  high-voltage,  they 
step  down  the  current  in  a  known  ratio.  This  enables  a  lower- 
range  ammeter  to  be  used  than  would  ordinarily  be  required  if 
the  instrument  were  connected  directly  into  the  primary  line. 
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Fio.  213. — Connections  for  a  series  or  current  transformer  on  a  13,200-volt 

circuit. 

The  current  or  series  transformer  has  a  primary,  usually  of 
few  turns,  wound  on  a  core  and  connected  in  series  with  the  line, 
Fig.  213.  When  the  primary  has  a  large  current  rating,  it  may 
consist  of  a  straight  conductor  passing  through  the  center  of  a 
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Fio.  214. — Construction  of  one  type  of  current  transformer. 

hollow  core,  as  shown  in  Fig.  214.    The  secondary,  ooosistmg 

of  several  turns,  is  wound  around  the  laminated  core.    The  ratio 

of  current  transformation  is  approximately  the  inverse  ratio  of 

turns.    For  example,  if  the  prvmary  has  two  turns  and  the  sec- 
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ondary  60  turns,  the  ratio  will  be  30:1.  The  ratio  may  vary 
shghtly  from  this  value  due  to  the  magnetizing  current.  In  Fig. 
215  (a),  the  primary  current  /i  consists  of  two  components,  — /;■, 
the  component  necessary  to  balance  the  secondary  ampere-turns, 
and  Jo,  the  magnetizing  current.  The  magnetizing  current  intro- 
duces a  alight  error  in  the  ratio  as  well  as  causing  /j  to  dopart  by 
the  angle  j3  from  the  180°  phase  relation  to  /,.  At  light  loads 
the  magnetizing  current  may  cause  considerable  error.  Figure 
215  (6)  shows  the  variation  of  phase  angle  and  ratio  with  load 
for  a  typical  transformer. 


(a)  Vector  diagram. 
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The  secondaries  of  practically  all  current  transformers  are 
rated  at  5  amp.,  regardless  of  the  primary  current  rating.  For 
example,  a  2,000-amp.  current  transformer  has  a  ratio  of  400:1 
and  a  60-amp.  transformer  has  a  ratio  of  12: 1. 

The  current  transforiner  differs  from  the  ordinary  constant- 
potential  transformer  in  that  its  primary  current  is  determined 
entirely  by  the  load  on  the  system  and  not  by  its  own  secondary 
load.  If  its  secondary  becomes  open-circuited,  a  high  voltage 
will   exist   across   the   secondary   because   the    lat^e   tft-^yi   ^1 
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secondary  to  primary  turns  causes  the  transformer  to  act  as  a 
step-up  transformer.  Also,  the  counter  ampere-turns  of  the  sec- 
ondary will  no  longer  exist  so  that  the  flux  in  the  core  instead 
of  being  due  to  the  difference  of  the  primary  and  secondary 
ampere-turns  will  now  be  due  to  the  total  primary  ampere- 
turns  acting  alone.  This  means  a  very  large  increase  in  the 
flux,  causing  excessive  core  losses  and  heating,  as  well  as  a  high 
voltage  across  the  secondary  terminals. 
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Fig.  216. — TypicsJ  connections  of  instrument  transformers  and  instnmients  for 

single-phase  measurements. 

Therefore^  a  current  transformer  should  always  have  its  secondary 
short-circuited. 

Figure  216  shows  the  method  of  connecting  a  typical  instru- 
ment load,  through  instrument  transformers,  to  a  high-voltage 
Une.  The  load  on  the  instrument  transformers  includes  an  am- 
meter, a  voltmeter,  a  wattmeter  and  a  watthour  meter.  Each 
secondary  is  grounded  at  one  point.  Correction  for  ratio  of 
transformation  must  be  applied  to  all  the  instrument  readings, 
the  wattmeter  and  watthour  meter  involving  the  ratio  of  both 
the  current  and  the  potential  transformers.  Usually  in  perma- 
nent installations,  as  on  switchboards,  the  instrument  scales 
themselves  are  so  marked  as  to  take  into  consideration  these 
ratios.    Therefore,  the  primary  power  may  be  read  directly. 
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CHAPTER  VI 11 
THE  INDUCTIOH  MOTOR 


98.  Principle. — The  induction  motor  is  the  most  widely  used 
type  of  alternating-current  motor.  This  is  due  to  its  niggedneas 
a-nd  simplicity,  to  tiie  absence  of  a  commutator,  and  to  the  fact 
that  its  operating  characteristics  are  well  adapted  to  conatant- 
si>eed  work. 


octal  disc  produced  hy 


I 

^E  The  principle  of  the  motor  may  be  illustrated  as  follows:  A 
^^Detal  disc,  Fig.  217  (a),  is  free  to  turn  upon  a  vertical  axis.  The 
disc  may  be  of  any  conducting  material,  such  as  iron,  copper,  or 
aluminum.  A  magnet,  free  to  rotate  on  the  same  axis  as  the 
disc,  is  placed  above  the  disc  and  its  ends  are  bent  down  so  that 
its  magnetic  flux  cuts  through  the  disc.  When  this  magnet  is 
rotated,  the  magnetic  lines  cut  the  disc  and  induce  currents  in  it, 
la  225 
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as  shown  in  the  figure.  As  these  currents  find  themselves  in  a 
magnetic  field,  they  tend  to  move  across  this  field,  just  as  the 
currents  in  the  conductors  of  a  direct -current  motor  tend  to  move 
across  its  magnetic  field.  By  Lenz's  law,  the  direction  of  the 
force  developed  between  these  currents  in  the  disc  and  the 
magnetic  field  producing  them  will  be  such  that  the  disc  tends 
to  follow  the  magnet,  as  shown  in  the  figure. 

To  illustrate  this  more  in  detail,  consider  Fig.  217  (a) ,  (&),  and  (c). 
In  (a),  the  north  pole  of  the  rotating  magnet  is  shown  as  moving 
in  a  counter-clockwise  direction.  The  conductor  beneath  the 
magnet  also  moves  in  a  counter-clockwise  direction,  but  more 
slowly  than  the  magnet.  Therefore,  the  Telative  motion  between 
the  magnet  and  the  conductor  is  the  same  as  if  the  magnet  were 
stationary  and  the  conductor  moved  in  the  clockwise  direction. 
This  relative  motion  of  the  magnet  and  the  conductor  is  illus- 
trated in  Fig.  217  (b),  where  the  north  pole  is  shown  as  being 
stationary  and  the  conductor  is  moving  from  right  to  left. 
Applying  Fleming's  right-hand  rule  (see  Vol.  I,  page  218),  the 
direction  of  the  induced  current  is  toward  the  observer.  The 
lines  of  force  about  the, conductor,  due  to  its  own  current,  are 
therefore  counter-clockwis^  and  the  resultant  field  is  found  by 
combining  the  conductor  field  and  the  field  produced  by  the 
magnet.  The  appearance  of  this  resultant  field  is  shown  in  Fig. 
217  (c)  (also  see  Vol.  I,  page  309).  As  the  magnetic  field  is  in- 
creased in  intensity  to  the  left  of  the  conductor  and  reduced  in 
intensity  to  the  right  of  the  conductor,  there  is  a  force  developed 
which  urges  this  conductor  from  left  to  Hgkt.  That  is,  the  con- 
ductor tends  to  follow  the  magnet.  Actually,  the  magnet  rotates 
in  a  counter-clockwise  direction.  Therefore,  the  disc  rotates  in 
the  same  direction  but  at  a  speed  less  than  that  of  the  magnet. 

The  disc  can  never  attain  the  speed  of  the  magnet,  for  were  H 
to  attain  this  speed,  there  would  be  no  relative  motion  of  the 
disc  and  the  magnet  and,  therefore,  no  cutting  of  the  disc  by  the 
magnetic  flux.  The  disc  current  would  then  become  zero  and 
no  torque  would  be  developed,  which  would  result  in  the  diac 
speed  becoming  lees  than  that  of  the  magnet.  Because  the  dbe 
can  not  attain  the  speed  of  the  magnet,  there  must  always  ejdst 
a  difference  of  speed  between  the  two.  This  difference  of  speed  a 
called  the  revolutions  slip. 
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It  18  to  be  noted  that  the  currents  in  the  disc  or  armature  of  this 
type  of  motor  are  induced  therein,  rather  than  being  conducted 
into  the  armature  aa  in  the  ordinary  direct^current  motor. 

A  cyhnder  may  be  used  instead  of  the  disc,  as  shown  in  Fig.  218. 
In  the  figure  are  shown  four  poles,  the  magnetic  lines  of 
which  cut  the  cyhnder.  If  the  frame  carrying  these  poles  be 
revolved  by  mechanical  means,  the  currents  induced  in  the 
cylinder  will  cause  the  cylinder  to  rotate  in  the  same  direction 
as  that  of  the  rotating  frame.     This  cylinder  is  more  representa- 
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tive  of  the  commercial  induction  motor  than  the  disc  is,  although 
both  operate  on  the  same  principle. 

99.  The  Alternating-current  Rotating  Field. — -The  rotating 
fields  described  in  the  previous  paragraph  were  produced  by 
rotating  the  magnetic  poles  mechanically.  This  is  practically 
the  same  as  the  rotating  poles  of  an  alternator  field.  Rotating 
magnetic  fields  may,  however,  be  produced  by  sending  polyphase 
currents  through  polyphase  windings,  such  as  alternator  wind- 
ings. Such  r'otating  fields  are  produced  entirely  by  electrical 
means,  there  being  no  mechanical  rotation  of  the  pole  pieces 
theniselvea. 
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The  simplest  type  of  rotating  field  is  that  produced  by  the 
gramme-riDg  winding  illustrated  in  Fig.  219.     A  gramme  ring, 


wound  for  two-phase  currents,  has  two  separate  windings,  one 
for  each  phase.    Each  winding  consists  of  two  sections  located 
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'  diametric  ally  opposite  each  other  and  each  section  occupies 
approximately  one-fourth  the  windmg  space  of  the  ring.  The 
"two  windings  are  called  the  A-phaae  and  the  B-phaae,  respectively. 
Care  must  be  taken  to  connect  the  two  sections  of  each  winding 
correctly,  the  correct  method  being  shown  in  Fig.  219. 

Curves  I  a  and  la  show  the  variation  with  time  of  the  currents 
in  phases  A  and  B,  respectively.  As  these  are  two-phase  cur- 
rents, they  differ  in  time-phase  by  90°  or  one-fourth  of  a  cycle. 

At  the  instant  marked  (1),  the  current  in  phase  A  is  zero  and 
that  in  B  is  negative  maximum.  With  the  method  of  connecting 
the  windings,  and  the  direction  of  the  currents  as  shown,  two 
S-polos  are  formed  on  th^e  upper  ends  of  the  B-windings  and  two 
N-poles  on  the  lower  ends.  These  four  poles  combine  into  two 
poles,  a  single  S-pole  and  a  single  N-pole,  each  of  these  last  being 
twice  the  magnitude  of  the  individual  poles  which  combined  to 
form  them.  The  resultant  field  is  vertical  and  is  directed 
upwards,  as  indica,ted  by  the  arrow  F  beneath  diagram  (1).  In 
(2)  the  current  in  B  is  still  negative,  but  of  lesser  magnitude  than 
in  (1).  The  current  in  ,4  has  increased  positively  until  its  mag- 
nitude is  equal  to  that  of  B.  Two  S-polcs  and  two  N-poles 
again  combine  to  form  a  single  S-pole  and  a  single  N-pole,  each 
of  double  the  magnitude  of  the  individual  poles  forming  them. 
The  direction  of  the  resulting  field  is  45°  clockwise  from  its 
position  in  (1).  It  is  to  be  noted  that  while  the  two  currents 
are  passing  through  45  electrical  time-degrees,  the  resulting 
field  in  the  gramme  ring  advances  45  space-degrees.  Diagrams 
(3),  (4),  (5),  (6),  (7),  and  (8)  show  at  different  instants  the  posi- 
tions of  the  gramme-ring  field  resulting  from  the  combined  mag- 
netic effects  of  phases  A  and  B.  The  diagram  for  (9)  would  be 
identical  with  that  for  (1).  The  rotating  magnetic  field  haa 
passed  through  360  space-degrees  while  the  two-phase  currents 
have  gone  through  360  electrical  time-degrees  or  one  cycle.  This 
constitutes  a  two-pole  rotating  field  and  its  speed  in  revolutions 
per  second  is  the  same  as  the  frequency,  or  the  cycles  per  second, 
of  the  currents.  For  example,  if  the  currents  had  a  frequency 
of  60  cycles  per  second,  the  field  would  make  60  revolutions  per 
second,  or  3,600  r.p.m. 

The  gramme-ring  winding  need  not  consist  necessarily  of 
two  separate  windings  shown  in  Fig.  219,  but  may  be  a  mesh-con- 
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nected  winding,   as  shown  in  Fig.   220.     This  is  virtualljr"    a 

continuous  winding  tapped  at  four  equi-<listant  points.     Two     of 
the  diametrically  opposite  taps  are  connected  to  phase  A  a-3 
the  other  two  are  connected  to  phase  B. 


FiQ.     220.  —  Two-pole,     meah-  Fin.    221.— Four-pole, 

coiinected,  graaiiDe-rmg  wrndtng       DflCted,    graiQiiie-riitff   wiDding  for  a 
(or  a  2-iiha8e  circuit.  2-phase  ci 

Figure  221  shows  a  four-pole,  mesh-connected  winding.     Tl^  I 
is  similar  to  that  of  Fig.  220,  but  is  tapped  at  eight  equi-distant  I 
points.     Two  diametrically  opposite  taps  are  connected  to  on»'l 
line  of  phase  A  and  tlie  two  taps  at  right  angles  to  these  a».l 
connected  to  the  other  line  of  phase  A.     Another  similar  set  a 
taps,  displaced  45°  from  the  A-taps,  connect  in  like  manner  to  ' 
phase  B.     In  such  a  winding,  the  rotating  field  completes  one 
revolution  during  two  complete  cycles  of  the  current;  therefore  its 
angular  speed  is  one-half  that  of  the  field  in  the  two-pole  machine^ 
Figure  222  shows  the  manner  of  connecting  a  three-phase  ci^ 
cuit  to  a  gramme-ring  mesh-  or  delta-connected  winding, 

of  three  equi-distant  taps  is  cotmectfl 
to  one  of  the  three  lines  of  the  thj 
phase    supply.     This    minding    prt 
duces  a   two-pole  field  ■ 
in  revolutions  per  second  is  the  s. 
as  the  frequency  of  the  supply. 
It  is  to  be  noted  that  in  each  of  6 


a  3-pba& 
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FiQ.  222.  —  Delta-cc 

,  gramroe-ring  windioa  for  foregoing  windings,  the  angle  betwet 
the  various  windings  expressed  in  e 
irical   space-degrees,   is  the  same  as  the  time-angles  between  I 
respective  currents  in  the  windings.     (In  a  two-pole  machine  on^ 
electrical  space-degree  equals  one  space-degree;  in  a  four-p 
machine  two  electrical  space-degrees  equal  one  space-degree,  etoJ 
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Synchronous  Speed;  Slip. — It  has  just  been  shown  that 
lar  speod  of  an  alternating-current  rotating  field  depends 
TO  factors,  the  frequency  of  the  cuiTent  and  the  number 
(for  which  the  machine  is  wound.  The  relation  between 
(tequency  and  poles  b  given  by  the  following  equation: 
_ /  X  120 


N  - 


,33) 


is  the  speed  of  the  field  in  revolutions  per  minute,  / 
[aency  in  cycles  per  second  and  P  the  number  of  poles 
lation  (2),  page  7).  This  speed,  A',  of  the  rotating 
Jled  the  synckroTMUs  speed  of  the  motor.  The  common 
lious  speeds  for  commercial  motors  at  25  and  at  60 
ler  second  are  as  follows: 


Poles 


r.p.m. 


=  N 


'-  25 


=  60 


Lif  an  armature  whose  conductors  form  closed  circuits 
Id  in  a  rotating  field,  it  will  develop  torque  because  of  the 
Epurrents,  acting  in  conjunction  with  the  rotating  mag- 

u  already  been  pointed  out,  the  armature  can  never 
Be  speed  of  the  rotating  field,  for  if  it  did,  the  cutting  of 
fors  by  flux  would  cease,  there  would  be  no  rotor  current 
Before,  no  torque. 

ifference  between  the  speed  of  the  rotating  field  and  that 
lotor  is  called  the  revolutions  slip  of  the  motor.  For 
t  if  the  rotor  of  a  four-pole,  60-eyelc  motor  has  a  speed 
Ir.p.m.,  its  revolutions  sfip  is  1,800  —  1,730  =  70  r.p.m., 
tSOO  r.p.m.  is  its  synchronous  speed, 
piore  convenient  to  express  the  slip  as  a  fraction  of  the 
nous  speed.  Denote  the  speed  of  the  rotor  by  Ni  and 
-onous  speed  by  N.     Then  the  sUp 


236  ALTERNATING  CURRENTS 

For  example,  the  slip  in  the  above  motor  is 

1,800  - 1,730         70         n  AQo      Q  o  * 

8  =  — — ^-oTjiY^ =  T"fino  ~  "039  or  3.9  per  cent. 

The  rotor  speed  is 

N2  =  N{1  -  8)  (from  equation  64)  C^j 

The  full-load  sUp  in  commercial  motors  varies  from  1  to  iO 
per  cent.,  depending  upon  the  size  and  the  type  of  motor. 

102.  Rotor  Frequency  and  Induced  Emf . — If  the  rotor  of  a 
two-pole,  60-cycle  motor  is  at  standstill  and  voltage  is  applied  to 
the  stator,  each  rotor  conductor  will  be  cut  by  a  north  pole  60 
times  per  second  and  by  a  south  pole  60  times  per  second,  as  this 
is  the  speed  of  the  rotating  field.  If  the  stator  be  wound  for 
four  poles,  the  speed  of  the  rotating  field  is  halved,  but  each 
conductor  is  then  cut  by  two  north  and  two  south  poles  per 
revolution  of  the  field  and  therefore  by  60  north  and  60  south 
poles  per  second,  the  same  as  in  the  two-pole  motor.  Conse- 
quently, the  frequency  of  the  rotor  currents  at  standstill  (5  = 
1.0)  will  be  the  same  as  the  stator  frequency.  This  holds  true 
for  any  number  of  poles.  At  standstill  the  motor  is  a  simple 
static  transformer,  the  stator  being  the  primary  and  the  rotor 
being  the  secondary. 

If  the  rotor  of  the  above  60-cycle  motor  revolves  at  half  speed 
in  the  direction  of  the  rotating  field  («  =  0.5),  the  rotor  con- 
ductors are  cut  by  just  one-half  as  many  north  and  south  poles 
per  second  as  when  standing  still  and  the  frequency  of  the  rotor 
currents  is  therefore  30  cycles  per  second. 

By  taking  other  rotor  speeds,  it  can  be  shown  that  the  rotor 
frequency 

h  =  sf  (66) 

where  /2  is  the  rotor  frequency,  s  the  slip,  and  /  the  stator  fre- 
quency. The  rotor  frequency  is  equal  to  the  stator  freqtiency 
multiplied  by  the  slip. 

Example. — What  is  the  frequency  of  the  currents  in  the  roUNT  of  a  60-cycle, 
six-pole  induction  motor,  if  the  rotor  speed  is  1,164  r.p.m. 
The  s3mchronous  speed 

60  X  120 
N  =  =  1,200  r.p.m.         (Equation  63,  page  235) 
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/,   =  0  03  X  6«  -  1  -  8  cycles  jwr  second  Ans. 


37  ^^J 


The  rotor  frequency  has  a  very  important  bearing  on  the 
operating  characteristics  of  the  induction  motor. 

The  induction  motor  can  be  used  as  a  frequency  changer, 
Provided  the  rotor  is  driven  mechanically  at  the  proper  speed. 
Current  is  taken  from  the  rotor,  or  secondary,  through  slip-rings. 
Under  these  conditions,  some  of  the  power  is  supplied  electrically 
and  some  mechanically. 

103.  Alternating -current  Torque. — It  has  already  been  pointed 
out,  in  connection  with  the  direct-current  motor,  that  the  torque 
ia  proportional  to  the  current  and  to  the  density  of  the  magnetic 
field  in  which  the  current  finds  itself.  This  same  law  holds  for 
alternating-current  motors,  provided  the  instantaneous  values 
of  current  and  flux  are  considered. 

Figure  227  (a)  shows  the  space  distribution  of  flux  from  one 
north  pole  as  it  glides  along  the  air-gap  of  an  induction  motor. 
This  flux  is  distributed  sinusoidally  along  the  air-gap,  aa  is  shown 
by  the  flux-distribution  curve,  ij>,  Fig.  227  (6). 

If  the  slip  be  small,  the  reactance  of  the  rotor  conductors  ia  low 
because /s  =  sfandi's  =  27r/sLi,  where/is  the  statorfrequency, 
x'i  ia  the  rotor  reactance  at  slip  s,  and  Lt  is  the  rotor  inductance. 
Because  of  the  rotor  reactance  the  rotor  current  lags  the  induced 
eraf.  of  the  rotor  by  an  angle  a.  At  low  values  of  slip,  this  angle 
a  is  very  small,  since  tan  a  =  2TfsLi/Rt,  where  Ri  is  the  rotor 
resistance. 

The  induced  emf.  in  any  single  conductor,  I  centimeters  in 
length,  in  a  field  having  a  density  of  B  gausses,  the  conductor 
moving  at  a  velocity  of  v  centimeters  per  second,  is  e  =  Blv 
10^*  volts,  the  flux,  the  conductor  and  the  velocity  being 
mutually  perpendicular  (see  Vol,  I,  page  217,  equation  93). 
Therefore,  when  a  conductor  is  cutting  flux  at  a  uniform  velocity, 
the  flux  being  sinusoidally  or  otherwise  distributed  in  space,  the 
emf.  in  the  conductor  ia  zero  when  it  is  moving  in  a  region  where 
B,  the  flux  density,  is  zero;  the  emf.  is  a  maximum  when  the  con- 
ductor ia  moving  in  a  region  where  B,  the  ftMit  iensvVj,  Sa  \). 
maximum.    Aa  the  emf.  e,  is  proportional  to  B  aA.  eve"rj  \tflX»».'^i 


i 
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if  V  is  constant,  e  will  be  a  maximum  when  5  is  a  maximiUQ, 
etc.  Therefore,  it  may  be  said  that  e,  the  emf.  per  conductor,  is 
in  space-phase  with  the  flux.  It  further  follows  that  the  ware 
shape  of  the  emf.  in  a  single  conductor  is  the  same  as  the  shape  of 
the  space-distribution  curve  of  the  flux. 


ating-cuirent  torque  when 


Hpaoe-pha». 


At  small  values  of  slip,  the  angle  «,  between  the  induced  emf- 
in  each  conductor  and  the  current  in  the  conductor,  is  small  and 
therefore  the  current  in  each  of  the  conductors,  Fig.  227  (a)  is 
—^ctically  in  phase  with  Hb  mduceA  %'(q1.    As  Uw  induced  emf. 
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"^  a  maximum  when  the  conductor  is  in  the  field  of  greatest  flux 
pcnsity,  the  current  will  be  a  maximum  at  practically  the  same 
^'Istant.  The  current  is  then  in  time-phase  with  the  emf.  and 
*leEce  in  space-phase  with  the  flux.  Under  these  conditions  the 
'^'-irrent  in  the  particular  conductor  which  ia  under  the  center 
*lf  the  pole,  Fig.  227  (a),  ia  a  maximum,  and  that  in  the  other 
*^Onductors  is  less,  decreasing  sinusoidally  as  indicated. 

Figure  227  (6)  shows  both  the  flux  distribution  in  the  gap  and 
the  current  distribution  in  the  conductors  of  Fig.  227  (a),  the 
current  in  each  conductor  being  proportional  to  the  flux  density 
of  that  part  of  the  field  in  which  the  conductor  finds  itself. 
(For  simplicity  a  smooth  current-distribution  curve  is  shown. 
This  would  hold  true  only  with  a  uniform  metal  sheet  about  the 
rotor).  The  force  acting  on  each  conductor  is  proportional  to 
its  current  and  to  the  flux  density  of  that  part  of  the  field  in  which 
the  conductor  finds  itself  (see  Vol.  I,  page  310,  equation  106). 
The  force  due  to  each  conductor,  Fig.  227  («),  is  indicated  in 
direction  by  an  arrow  attached  to  that  conductor.  The  torque 
curve  is  obtained  by  taking  the  product  of  the  current  and  flux  at 
each  jroint,  multiplied  by  a  constant.  The  torque  curve  for  the 
conductor  belt  shown  in  Fig.  227  (a)  is  given  in  Fig.  227  (fa). 
This  curve  is  obtained  by  multiplying  the  current  at  each  point 
by  the  flux  density  at  that  point.  That  is,  the  ordinate  of  the 
torque  curve,  at  any  point  Fig.  227  (fa),  is  equal  to  the  product  of 
the  ordinates  of  the  flux  and  the  current  curves  at  that  point, 
multiplied  by  a  constant.  It  will  be  noted  that  this  torque  ciirve 
is  of  double  frequency,  that  it  is  always  positive,  reaches  zero 
twice  every  cycle,  and  is  similar  to  the  power  curve  of  page  22, 
Fig.  19. 

As  the  value  of  the  slip  increases,  the  reactance  of  the  rotor 
increases,  the  reactance  being  proportional  to  the  rotor  frequency 
and  hence  to  the  ahp,  and  the  angle  a  by  which  the  current 
lags  its  induced  emf.  increases,  since  tan  a  =  2irfsL3/Ri.  The 
current  in  any  conductor  will  not  reach  its  maximum  value  until 
ex  time-degrees  after  the  induced  emf.  has  reached  its  maximum 
value.  In  the  interval  between  the  time  when  the  induced  emf, 
reaches  its  maximum  and  the  current  reaches  its  maximum,  the 
maximum  point  of  the  flux  wave  has  moved  along  by  the  con- 
ductor by  a  electrical  space-degrees,  as  shown  in  Fig.  228  (sA  -  ^a 
a  result,  some  conductors,  as  a,  Fig.  228  (a) ,  &ii4  \XieniS^Ne&\Q.%. 
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reversed  field  and  so  exert  a  torque  opposite  to  that  of  the  other 
conductors  iu  that  belt.  Also,  conductor  a'  in  an  adjacent  cur- 
rent belt  exerts  a  torque  opposite  to  that  of  the  other  conductors 
in  its  belt.     The  torques  exerted  by  conductors  a  and  a'  produce 


(a)  Current  belt  a  Bpace-degresB 


(6)  Space  diatrtbutioii  of  current  and  Hux,  differins  in  spRce-plisae  bjr  onsle  a. 
Flo,  228. — Relation  among  flux,  current  and  torque  when  current  belt  is  not 

in  space-phase  with  flux  wave. 

the  negative  loops  of  tlie  torque  curve,  Fig.  228  (&).  The  torque 
under  these  conditions  is  less  than  it  is  in  Fig.  227  (6),  even  with 
the  same  values  of  current  and  flux.  This  is  due  to  the  negative 
values  of  torque,  shown  in  Fig.  228  (6). 
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herefore,  in  order  to  have  maximum  torqtie  vnth  fixed  values  a/  J 
sTii  and  flux,  the  rotor  currents  should  be  in  space-phase  with  I 


T  =  r^„^  cos  a 

re  T„ax  is  the  torque  when  the  current  I  and  the  flux  ^  are   . 
aace-phaae  and  a  is  the  space-angle  between  the  current  I 
the  flux  iji. 

4.  The  Squirrel-cage  Motor. — The  squirrel-cage  motor  is  the 
ilest  type  of  induction  motor  and  is  the  most  generally  used. 
core  of  the  rotor  or  armature,  Fig.  229,  like  that  of  the  dlrect- 


3nt  armature,  is  usually  built  up  of  slotted  steel  punchings. 
winding  consists  of  copper  bars  placed  in  slots.  These 
have  their  ends  connected  together  by  conducting  rings 
d  end-rings.  The  bars  are  usually  bolted  to  the  end-rings 
then  welded  or  brazed.  Formerly  solder  was  used,  but 
iderable  trouble  was  encountered  by  its  melting  and  being 
wn  out  of  the  joint  by  centrifugal  action.  Another  method 
place  the  rotor  in  a  mould  and  cast  the  ends  of  the  bars  in  a 
of  cast  copper.  The  General  Electric  Co.  manufactures  a 
r  in  which  an  aluminum  grid  is  cast  integral  with  the  end- 
i.  The  methods  in  which  the  end-ringa  are  cast  integral 
the  bars  of  the  winding  are  the  best  from  ihs.  o^c^vAKn-t 
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poiot  of  ^iew,  aa  the  rotor  conductors  have  no  opportunity  ^ 
work  loose. 


Fia.  230. — Overhung-slot  atator  showing  haw  ends  of  coils  are  taped  ii 


The  stator  slots  in  nearly  all  induction  motors  of  small  size 
Fig.  230,  are  of  the  semi-closed  type  like  those  shown  in  thi 


Fia.  231. — Stator  and  rotor  siota  of  BQUirral-cage  induction  motor. 


rotor  of  Fig.  231.     If  open  slots  are  used,  magnetic  wedges 
employed  so  as  to  give  the  effect  of  semi-clo&ed  slots.     la 
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larger  sizes  of  motor,  open  slots  are  often  used  for  the  stator, 
£3S  shown  in  Fig.  231,  because  of  the  expense  and  difficulty  of 
placing  the  winding  in  serai-closed  slots,  and  also  because  the 
necessity  for  semi-closed  slots  is  usually  less  in  the  lai^er  motors. 
That  is,  in  the  large,  higher-speed  motors  the  pole-pitch  is  large 
^nd  therefore  the  ampere-conductors  per  pole  is  large.  Conse- 
cjuently,  the  desired  flux  density  in  the  gap  may  be  readily  ob- 
tained without  an  excessive  magnetizing  current,  even  if  open 
«lots  are  used. 

In  practically  all  motors  of  the  squirrel-cage  type,  the  slots 
of  the  rotor  are  semi-closed,  as  there  is  little  difficulty  encountered 
in  placing  the  rotor  bars  in  this  type  of  slot. 

The  advantage  of  the  semi-cloaed  slot  is  that  the  effective 
sectional  area  of  the  air-gap  is  increased  and  the  magnetizing 
ourrent  is  therefore  reduced.  Semi-closed  slots  reduce  the  pulsa- 
tions of  flux  in  the  individual  teeth,  and  therefore  reduce  the 
tooth  losses,  which  otherwise  might  be  serious.  On  the  other 
hand,  the  semi-closed  slot  gives  a  much  higher  slot  inductance 
than  the  open  slot  and  this  inductance  in  the  stator  and  in  the 
rotor  lowers  the  power-factor  and  decreases  the  starting  and  the 
break-down  torques  of  the  motor. 

106.  Operating  Characteristics  of  the  Squirrel -cage  Motor. — 
The  squirrel-cage  motor,  like  the  direct- current  shunt  motor, 
operates  at  substantially  constant  speed.  As  the  rotor  cannot 
reach  the  speed  of  the  rotating  magnetic  field,  it  must  at  all 
times  operate  with  a  certain  amount  of  slip.  At  no  load  the  slip 
is  very  small.  As  load  is  applied  to  the  rotor,  more  rotor  current 
is  required  to  develop  the  necessary  torque  in  order  to  carry  the 
increased  load.  Consequently,  the  rotating  magnetic  field 
must  cut  the  rotor  conductors  at  an  increased  rate,  in  order  to 
produce  the  necessary  increase  of  current.  The  slip  of  the  rotor 
must  accordingly  increase,  ao  that  the  rotor  speed  drops.  The 
ratio  of  the  slip  to  the  total  -power  delivered  to  the  rotor  is  proportional 
to  the  PR  loss  in  the  rotor.  As  the  resistance  of  the  squirrel 
cage  is  very  low,  the  PR  loss  is  low  and,  therefore,  the  slip  for 
ordinary  loads  is  small.  In  largo  motors,  50  hp.  or  greater,  the 
slip  is  of  the  order  of  1  to  2  per  cent,  at  full  load.  In  the 
smaller  sizes  of  motor,  the  slip  may  be  as  high  as  8  to  10  per  cent, 
at  full  load. 
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Figure  232  shows  the  ordinary  cfaancteriBtic  curves  <£  &  10- 
hp.  flqairrel-cage  motor.     It  will  be  noted  that  the  torque,  speed 


Fro.  232. — Operatiag  characteristics  of  a  oquirrel-cage  inductioD  motor. 

and  efficiency  curves  are  very  similar  to  those  of  a  shunt  motor. 

The  power-factor  increases  with  the  load  for  the  following  reason: 
At  no  load  the  motor  takes  a  current  /o,  (Fig.   233).    Jp 

is  mostly  magnetizing  current,  although  there  is  a  small 
energy  component  neceaeary  to 
supply  the  no-load  losses.  The 
power-factor  at  no  load  is  cos  9«, 
the  value  of  which  may  be  as  low 
as  0.10  to  0.15.  The  back  electro- 
motive force  of  the  motor  remains 
nearly  constant  from  no  load  to  full 
load.  Therefore,  the  flux  must  re- 
main substantially  constant,  just  as 
it  does  in  the  transformer,  so  that 
the    magnetizing  current  changes 

but  sHghtly  from  no  load  to  full  load.    As  load  is  applied  to  the 

'""t.or,  an  energy  current  !{ is  required  to  cany  the  load.    This 
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mt,  when  combined  with  /o,  gives  the  total  current  I\  at 
this  load,  and  the  resulting  power-factor  is  cos  Si.  As  the  load 
increasea,  an  energy  current  /a  is  required.  The  total  current 
then  becomes  la  and  the  corresponding  power-factor  becomes 
cos  Oi,  It  will  be  observed  that  the  power-factor  angle  decreases 
and  therefore  the  power-factor  increases  as  the  load  on  the  motor 
increases.  The  increased  reactance  drops  in  the  stator  and  in 
the  rotor  with  increase  of  load  tend  to  oppose  this  increase  of 
power-factor  and  when  the  load  exceeds  a  certain  value  may  even 
bring  about  a  decrease  of  power-factor. 

As  the  power-factor  increases,  a  smaller  increase  of  current 
is  required  for  a  given  increase  of  load  than  would  be  necessary 
if  the  power-factor  were  constant.  Therefore,  the  current  in- 
creases more  slowly  than  the  load  as  shown  in  Fig.  232.  At  first 
the  efficiency  increases  rapidly  and  reaches  a  maximum  value 
for  the  same  reason  that  it  does  in  other  electrical  apparatus. 
At  all  loads  there  are  certain  fixed  losses;  such  as  core  loss,  fric- 
tion and  windage.  In  addition  there  are  the  load  losses  (J'fl) 
which  increase  nearly  as  the  square  of  the  load.  Therefore,  at 
light  loads  the  efficiency  is  low  because  the  fixed  losses  are  large 
as  compared  with  the  input.  As  the  load  increases,  the  efficiency 
increases  to  a  maximum,  the  fixed  and  variable  losses  being  equal 
at  this  point.  Beyond  this  point  the  PR  losses  become  rela- 
tively large,  causing  the  efficiency  to  decrease. 

One  disadvantage  of  the  squirrel-cage  motor  lies  in  the  fact 
that  it  takes  a  very  large  current  at  low  power-factor  on  starting, 
and  in  spite  of  this  large  current  it  develops  but  Uttle  torque. 
When  the  motor  is  at  standstill,  the  squirrel  cage  acts  as  the 
short-circuited  secondary  of  a  transformer,  causing  the  motor  to 
take  an  excessive  current  on  starting,  if  full  voltage  is  applied. 

Figure  234  shows  the  variation  of  torque  with  slip  for  two 
different  values  of  Une  voltage.  It  will  be  noted  that  for  small 
values  of  slip  up  to  and  beyond  full  load,  which  is  the  ordinary 
range  of  operation,  the  torque  is  substantially  proportional  to 
the  slip.  At  higher  values  of  slip,  however,  the  torque  curve 
bends  over  and  finally  reaches  a  maximum.  This  maximum  is 
called  the  break-down  torque.  Beyond  this  maximum  point  the 
torque  decreases  as  the  slip  increases.  For  most  types  of  load 
this  is  a  point  of  instability,  as  an  increase  in  load  is  acnooi'^wae.i 
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by  an  increase  in  slip,  and  therefore,  by  a  decrease  in  torque.n 
As  the  motor  now  develops  a  decreased  torque  with  an  increased  | 
load  it  must  come  to  a  standstill,  unless  the  load  is  removed.  At  j 
standstill  (s=  1.0),  the  torque  is  comparatively  small. 

The  underlying  cause  of  this  small  starting  torque  is  the  J 
reactance  of  the  slator  artd  of  the  rotor.  The  rotor  reactance  iB  J 
proportional  to  the  rotor  frequency  (xi  =  2jr/iLs).  The  rotor  I 
frequency  /j  is  proportional  to  the  slip.  As  the  rotor  slip  in-  I 
creases,  the  rotor  reactance  increases  proportionately,  whereaflJ 
the  resistance  does  not  change  materially.  The  effect  of  thisB 
increased  reactance  is  to  produt-e  a  greater  phase  difference  be-l 
tween  the  rotor  currents  and  their  induced  voltages  (tan  a  = 
Xj/i?s).     As  these  currents  at  the  same  time  differ  in  space- 
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:s  for  squiirel-eagB  motor. 


phase  with  the  flux,  less  torque  per  ampere  is  developed  (f 
Par.  103).     In  fact  the  current  and  the  flux  may  get  so  far  c 
of  space-phase  with  each  other  that,  even  with  four  or  five  tin 
the  rated  current,  only  a  small  fraction  of  the  full-load  torque^ 
developed.     It  can  be  shown  that  the  break-down  torque  of 
induction  motor  is  decreased  by  an  increase  in  the  rotor  rea 
ance  {x^  =  2irfLi)  where  x^  is  the  rotor  reactance  at  standsi 
Therefore,  it  is  desirable  that  the  rotor  reactance,  is,  and  hei 
rotor  inductance,  be  as  low  as  possible  (see  page  247,  equation  6 
It  can  also  be  shown  that  the  torque  of  an  induction  motor  fo 
given  slip  is  proportional  to  the  square  of  the  line  voUage.     If  t 
line  voltage  is  halved  the  Jlux  is  halved,  neglecting  the  stator 
impedance  drop,  and  the  rotor  current  for  a  given  value  of  slip 
is  halved.     Therefore,  the  torque  is  quartered,  the  torque  beii 
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proportional  to  the  current  times  the  flux,  other  factors  remain- 
ing constant.  In  general,  it  may  be  said  that  the  torque  for  a 
given  slip  is  proportional  to  the  square  of  the  line  voltage.  For 
thia  reason  a  10  per  cent,  drop  in  voltage  may  cause  a  19  per 
cent,  reduction  in  the  break-down  and  starting  torques.  The 
effect  of  line  voltage  upon  torque  is  shown  in  Fig,  234,  the  torque 
B.t  one-haK  line  voltage  being  one-quarter  the  torque  at  full-line 
voltage  for  e^cli  value  of  slip. 

The  stator  impedance  also  reduces  the  break-down  torque. 
A  high  stator  impedance  means  a  comparatively  large  impedance 
drop  in  the  stator  for  a  given  current.  This  decreases  the  back 
emf.,  E,  hence  the  air-gap  flux  becomes  less,  and  therefore  the 
value  of  the  rotor  current  at  any  given  slip  is  reduced.  This 
results  in  a  reduction  of  torque  for  each  value  of  slip. 

The  effect  of  each  of  these  various  factors  upon  the  break-down 
torque  is  shown  in  the  following  equation: 
The  break-down  torque 

iere  K  is  constant,  V  is  the  terminal  voltage,  Vi  is  the  stator 
resistance,  Xi  is  the  stator  reactance,  and  Xi  is  the  rotor  reactance 
at  standstill. 

The  above  equation  shows  that: 

The  break-down  torque  is  proportional  to  the  square  of  the  line 
voltage. 

The  lyreak-down  torque  is  reduced  by  an  increase  in  the  stator 
resistance,  and  by  an  increase  in  the  stator  and  rotor  reactances. 

The  break-down  torque  is  independent  of  the  rotor  resistaTice. 

The  stator  and  rotor  reactances  are  proportional  to  the  fre- 
quency and  to  their  respective  inductances.  Therefore,  it  is 
desirable  that  the  stator  and  the  rotor  inductances  be  kept  low 
and  that  the  frequency  be  not  too  high. 

As  tile  squirrel-cage  motor  is  ordinarily  started  at  low  voltage, 
it  develops  but  little  starting  torque,  because  the  flux  is  small  and 
the  rotor  currents  are  considerably  out  of  space-phase  with  the 
flux. 

It  is  desirable  that  the  stator  and  rotor  inductancee  be  as  low 
ssible.     This  is  accomplished  by  having  the  Rlote  ■^■rtwHcj 
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open  and  thereby  reducing  the  value  per  ampere  of  the  leak- 
age flux  which  links  the  individual  conductors.     Ordinarily  it  ia] 
not  desirable  that  the  slots  be  entirely  open,  as  this  increases  thoj 
reluctance  of  the  air-gap  and  more  magnetizing  current  is  re-i 
quired.     This  in  turn  reduces  the  power-factor.     Also  with  op< 
slots  the  tooth  losses  may  become  excessive,  particularly  in  largel 
motors.     The  rotor-slot  design  is  actually  a  compromise  a 
these  conflicting  factors. 

Because  of  the  lower  reactance  accompanying  a  lower   fre 
quency,  a  25-cycIe  motor  will  in  general  have  greater  startingj 


Fio.  235.— Weatinghouse 


torque  and  break-down  torque  than  a  60-cycle  motor.  On  the 
other  hand,  the  magnetizing  current  in  general  is  higher,  because 
of  the  higher  flux  densities  employed  in  the  26-cycle  design. 

Because  of  its  low  rotor  resistance,  the  squirrel-cage  motor  haa 
excellent  operating  characteristics  for  constant-speed  work. 
The  slip  is  small  and  the  speed  regulation  is  good.  In  addition, 
the  motor  is  simple,  rugged,  and  requires  but  httle  attention. 
Some  of  its  fields  of  application  are  in  machine  shops,  in  wood- 
working shops,  in  cement  mills,  in  textile  mills;  in  fact  it  is  used 
in  moat  cases  where  the  load  requires  constant  speed  with  but 
little  starting  torque.     Figure  235  shows  the  appHcation  of  s 
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squirrel-cage  induction  motors  to  the  wood-working  industry,  the 
motors  serving  as  tlie  headstocks  of  tlie  lathes. 
.  As  this  type  of  motor  develops  very  little  starting  torque,  it 
cannot  be  used  where  it  must  be  started  under  any  considerable 
load.  Another  disadvantage  is  that  its  speed  is  not  adjustable, 
106.  Starting  Squirrel-cage  Motors.— Small  induction  motors 
up  to  5  hp.  can  usually  be  connected  directly  across  the  line 
without  undue  disturbance  of  the  line  voltage.  Special  starting 
devices  should  be  used  for  motors  of  7.5  hp.  and  greater. 


FiQ.  236. — Switching 
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Figure  236  shows  the  connections  often  used  for  the  smaller- 
sized  motors  where  special  starting  devices  are  not  required. 
A  double-throw  switch,  when  in  the  starting  position,  puts  the 
motor  in  series  with  three  high-capacity  fuses,  one  in  each  line. 
Because  of  the  action  of  a  spring,  the  switch  can  make  contact 
on  this  side  only  while  it  is  held  in  position.  When  the  switch  is 
thrown  to  the  running  position,  the  current  is  supphed  through 
three  fuses  designed  to  carry  only  the  safe  operating  current  of 
the  motor.  This  gives  the  motor  over-load  protection  that 
would  not  otherwise  be  obtained  if  fuses  sufficiently  large  to 
carry  the  starting  current  were  used  during  normal  operation. 
Resistances  (carbon  rods  or  other  types)  are  sometimes  inserted 
in  the  starting  circuit  to  limit  the  starting  current.     Also,  high- 
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capacity  fuses  at  the  motor  are  sometimes  omitted,  the 
fuses  giving  the  required  protection  at  starting. 

As  the  squirrel-cage  motor  at  starting  is  equivalent  to  a  sho! 
circuited  transformer,  it  is  necessary  to  reduce  the  starti 
current  in  the  larger  sizes.  One  simple  method  (Fig,  237)  is 
use  a  delta-connected  motor.  By  means  of  a  triple-pole,  double- 
throw  {T.-P.  D.-T.)  switch  the  windings  are  first  thrown  in  Y 
across, the  line,  thus  applying  only  l\/3  or  58  per  cent,  of  the 
normal  voltage  to  each  coil.  This  makes  the  line  current  one- 
third  the  value  it  would  have  if  the  motor  were  directly  across 
the  line.  When  the  motor  has  attained  sufficient  speed,  the  switch 
is  thrown  over,  connecting  the  motor  in  delta  across  the  lii 
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(a)  Startloe  (6)  Runnlna 

Pio.  237.— The  Y-delta  method  of  starting  au  induMJou  motor. 

The  most  common  method  of  starting  the  squirrel-cage  motoi 
however,  is  to  use  an  auto-starter  or  starting-compensatoi 
similar  to  those  shown  in  Figs.  238  and  239.  In  the  Genen 
Electric  corapenBator  shown  in  Fig.  238,  the  three  coils  of 
three-phase  auto-transformer  are  connected  in  Y.  When  the 
switch  is  in  the  starting  position,  the  compensator  is  connected 
across  the  line  with  only  the  line  fuses  for  protection,  tfnder 
these  conditions  the  three  motor  lines  are  connected  to  three 
taps,  one  in  each  phase  of  the  auto-transformer.  Hence  the 
motor  voltage  is  reduced,  usually  to  one-fourth  or  to  one-half 
its  rated  value.  When  the  switch  is  in  the  running  position,  the 
compensator  is  entirely  disconnected  from  the  line  and  the  motor 
is  connected  directly  across  the  line  through  the  running  fuses, 
In  Fig.  238  the  heavy  lines  show  the  path  of  the  current  when 
the  compensator  is  in  the  running  position.  It  should  be  re- 
membered that  a  compensator  supplying  a  motor  with  half 
voltage  reduces  the  hne  current  to  one-fourth  its  normal  valu« 
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The  motor  being  at  half  voltage  takes  one-half  the  current  that 
it  would  take  if  directly  across  the  line.  As  this  current  is  sup- 
plied by  the  secondary  of  a  2:1  transformer,  the  line  current  is 
but  half  the  motor  current  and  is,  therefore,  one-fourth  the  cur- 
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rent  that  would  have  been  taken  had  the  motor  been  directly 
across  the  line. 

It  IB  not  necessary  to  use  a  three-coil  auto-tvanft^oiKvet ,    \^ 
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the  Westinghouse  starting  compenBator,  two  coils  are  mounted 
on  the  two  outer  legs  of  a  transformer  core,  Fig.  239  (a),  very 
similar  to  the  core  used  for  three-phase  core-type  traosformen 
(see  page  206,  Fig.  194  (b)).    On  starting,  these  two  coils  an 


Fig.  239. — V-connectad  stiLrting  compensator. 

■'mnected  in  V  across  the  line  and  two  motor  taps  are  taken  oS 

«n  in  Fig.  239  (b).    The  motor  is  thus  supplied  at  a  te- 

'iime-phafle  voltage.     When  the  starting  handle  is  placed 

tog  podtion,  the  two  motor  taps  are  connected  directly 
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o  their  corresponding  lines,  Fig.  239  (c),  and  at  the  same  time 
he  compensator  is  entirely  disconnected  from  the  line.  One 
advantage  of  this  type  of  starter  is  that  it  can  be  readily  used 
m  two-phase  as  well  as  on  three-phase  circuits. 

Practically  all  starting  compensators  have  a  no-voltage  release 
^  indicated  in  Fig.  238.  When  the  line  voltage  decreases  to  a 
ow  value,  a  solenoid  plunger  drops,  releasing  the  starting  handle 
vhich  springs  back  to  the  "off"  position. 

107.  The  Wound-rotor  Induction  Motor. — If  resistance  be 
fitroduced  in  the  rotor  circuit  of  an  induction  motor,  the  slip  for 
ny  given  value  of  torque  will  increase. 

A  given  value  of  torque  requires  a  definite  value  of  flux  and  a 
efinite  value  of  current.  The  flux  of  the  induction  motor  is 
Tactically  constant,  since  the  back  emf.  is  practically  constant, 
f  resistance  be  introduced  in  the  rotor  circuit,  the  rotor  impe- 
dance is  increased.  {At  slips  which  give  the  ordinary  values  of 
^rque,  the  armature  reactance  is  small  as  compared  with  its 
'distance,  hence  the  armature  impedance  is  practically  all 
'esistance.)  If  the  slip  remains  constant,  the  induced  emf.  of 
■he  rotor  does  not  change.  The  armature  current,  which  ia 
'qual  to  this  emf.  divided  by  the  rotor  impedance,  decreases, 
fhe  torque  therefore  decreases. 

To  bring  the  torque  back  to  its  original  value,  the  armature 
urrent  must  be  increased.  To  increase  the  armature  current, 
he  armature  induced  emf.  must  increase.  Since  the  flux  is 
onstant,  the  increase  in  the  induced  emf.  may  be  obtained  only 
y  this  flux  cutting  the  rotor  conductors  at  a  greater  rate, 
'herefore  for  a  given  value  of  torque,  the  sHp  must  increase 
'hen  resistance  is  introduced  in  the  rotor  circuit. 

The  slip-torque  curve  will  be  changed  from  curve  (1)  to  curve 
2) ,  Fig.  240.  It  will  be  noted  that  full-load  torque  is  obtained 
t  increased  values  of  slip  as  the  rotor  resistance  is  increased, 
'he  value  of  the  maximum  or  break-down  torque  will  not  be 
ffected,  but  the  point  of  maximum  torque  moves  toward  the 
oint  of  zero  speed,  (s  =  1.0.)  That  is,  the  maximum  torque 
ccurs  at  a  gi'eater  value  of  slip.  The  rotor  now  runs  at  reduced 
3eed,  but  the  reduced  speed  is  obtained  at  the  expense  of  effi- 
iMicy,  for  the  rotor  I^R  losses  are  increased. 

I  is  evident  that  speed  control  may  be  obtained  by  ttis,  YtAx-a- 
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doctioD  o(  reastAnce  in  the  rotor  drcait.  This  method  ot  speed 
oontn^  18  very  amilar  to  tbe  annature^csistAiice  method  of 
speed  control  in  the  direct-current  motor  (see  VoL  I,  page  339, 
Par-  222).  The  lowering  of  the  speed  is  a^rcompanied  by  a 
material  lowering  of  the  efficiency  and  by  poor  ^teed  regulation. 
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The  electrical  efficiency  of  the  rotor  is  equal  to  the  ratio  of  actual 
speed  to  synchronous  speed.  For  example,  at  25  per  cent,  slip, 
the  rotor  efficiency  is  75  per  cent.  That  is,  of  the  power  trans- 
mitted across  the  air-gap.  25  per  cent,  is  lost  as  heat  in  the  rotor 
resistance.     The  other  75  [>or  cent,  is  converted  into  mechaDicalrH 


WouDd  rotor  of  IQO  hp.,  440-volt  induction  a 


power,  although  this  is  not  all  available  at  the  pulley,  becausefl 
rotor  friction  and  core  losses. 

If  sufficient  resistance  be  introduced  in  the  rotor  circuit,  i 
mum  torque  may  be  made  to  occur  at  standstill,  as  shown  t 
curve  (3)  Fig.  240,    "That  is,  break-down  torque  is  obtained  B 
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Btarting.  In  order  to  obtain  break-down  torque  at  starting,  the 
rotor  resistance  per  phase,  fa,  should  be  approximately  equal  to 
the  rotor  reactance  per  phase  at  standstill,  Xt. 

An  adjustable  resistance  cannot  be  readily  placed  in  the 
squirrel-cage  rotor,  80  that  three-phase  rotors  requiring  external 
resistance  are  usually  wound  either  two-phase  or  three-phaae. 
The  two-phase  windings  may  be  connected  either  star  or  mesh 
and  the  three-phase  windings  may  be  connected  either  Y  or 
delta.  Such  rotor  windings  are  in  every  way  similar  to  stator 
windings.     The   three    ends   of    the   three-phase   winding   are 
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brought  out  to  three  slip-rings,  as  shown  in  Figs.  241,  242,  and 
243.  Brushes,  bearing  on  each  of  these  three  rings,  Fig.  242, 
connect  to  Y-connected  external  resistances,  usually  through  a 
controller.  The  entire  resistance  of  each  phase  is  in  circuit  on 
starting.  This  causes  the  rotor  current  to  be  more  nearly  in 
space-phase  with  the  air-gap  flux,  so  that  a  large  torque  is  ob- 
tained with  a'moderate  value  of  current.  In  addition  to  produc- 
ing a  very  good  starting  torque,  the  starting  current  of  the  motor 
does  not  greatly  exceed  the  rated  current.  As  the  motor  comes 
up  to  speed,  the  external  resistance  is  cut  out.  The  motor  then 
operates  on  curve  (1)  Fig.  240. 

Even  without  the  controller,  the  wound-rotor  type  of  motor  is 
more  expensive  than  the  squirrel-cage  motor,  due  to  the  g,rea.tat 
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cost  of  winding  and  connecting  the  rotor  colls.  The  controHerl 
and  resistors  further  add  to  the  cost.  In  the  running  posititHi,  I 
this  type  of  motor  has  a  greater  slip  than  the  ordinary  squirrelw  I 
cage  motor,  because  it  is  not  possible  to  secure  the  very  lovr.^ 
resistance  obtainable  with  the  squirrel-cage  winding.  As  I 
been  pointed  out,  such  external  resistance  may  be  used  to  obta 
speed  control  at  reduced  efficiency  and  with  poor  speed  regulatifld 
Hence,  this  type  of  motor  has  better  starting  characteristie| 
but  poorer  running  characteristics  than  the  squirrel-cage  moto 


Wound-rotor  induction  motors  are  used  where  considerable 
starting  torque  is  required,  and  frequently  where  speed  adjust- 
ment is  desired.  Common  applications  of  this  type  of  motor  are 
m  cranes,  elevators,  pumps,  hoists,  railways,  calenders,  etc. 
Figure  244  shows  a  Westinghouse  1,200-hp.,  580-r,p.m.,  wound- 
rotor  induction  motor  driving  a  Henry  A,  Worthtngton  centri- 
fugal pump  at  Minneapolis,  Minn. 

Another  recent  use  of  these  wound-rotor  induction  motors 
in  the  electric  propulsion  of  battleships.  The  motors  are  con- 
nected directly  to  the  propeller  shafts.  Two  synchronous  speeds 
are  obtained  by  changing  the  number  of  poles.  Intermediate 
speeds  are  obtained  by  changing  the  frequency  of  the  generator. 


:i 


THE  INDUCTION  MOTOR  257 

Where  a  rheostat  is  used  for  starting  duty  only,  the  rotor 
conductors  may  be  connected  to  resistance  grida  within  the 
rotor  itaelf.     Such  grids  can  l>c  s^hort-cirniitcd  by  cojipor  bnishos 


■fjl^sssiij;^ 

b^'^ml^mw-  i  "w^mma^m. 

FiQ.  244.— Weatingbou 


operated  by  puahmg  a  rod  which  protrudes  from  the  center  of 
the  rotor  shaft.     Such  a  rotor  ia  shown  in  Pig.  245.     This  type 


Fk3.  346. — Rotor  of  induction 


of  rotor  cannot  be  operated  with  the  grids  in  circuit  continuously 
because  of  the  difficulty  of  dissipating  the  heat  which  is  developed 
within  the  rotor. 


] 
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108.  The  Induction-motor  Air-gap. — The  air-gaps  of  direct- 
current  generators  and  motors,  and  of  alternators,  are  much 
greater  than  is  necessary  fur  mechanical  clearance.  This  is  due 
to  the  fact  that  with  too  short  an  air-gap,  the  effect  of  arma- 
ture reaction  becomes  too  gi'eat,  that  is,  the  field  is  relatively 
weak  as  compared  with  the  armature.  On  the  other  hand,  the 
air-gap  of  the  induction  motor  is  made  just  as  short  as  mechanical 
clearance  will  permit.  The  back  emf.  of  the  stator  varies  tinly  a 
few  per  cent,  from  no  load  to  full  load.  This  back  emf.  is  ic- 
duced  by  the  air-gap  0ux  cutting  the  stator' conductors.  As  the 
speed  of  the  rotating  field  is  constant,  the  flux  in  the  gap  must 
be  substantially  constant  from  no  load  to  full  load.  Therefore, 
in  a  given  motor,  the  magnetizing  current  is  practically  constant 
at  all  loads.  If  the  length  of  the  air-gap  be  increased,  the  reluct- 
ance of  the  magnetic  circuit  is  also  increased.  As  the  back  emf. 
does  not  change  except  slightly,  the  flux  changes  also  but  slightly. 
Therefore,  with  a  fixed  flux  the  greater  air-gap  reluctance  will 
necessitate  a  greater  magnetizing  current.  This  increased  mag- 
netizing current  lowers  the  power-factor  (see  Fig.  233,  page  244). 

Large  slot  openings  increase  the  reluctance  of  the  air^ap  and 
.  so  lower  the  power-factor.  Therefore,  from  the  standpoint  of  the 
magnetizing  current  it  is  desirable  to  use  semi-closed  slots  or 
open  slots  with  magnetic  wedges.  The  disadvantage  of  closing 
the  slot  too  much  is  that  both  the  stator  and  the  rotor  induct- 
ances increase  and  the  break-down  and  starting  torques  aw 
reduced  (see  page  247,  equation  67).  The  increase  of  inductance 
also  tends  to  lower  the  power-factor. 

The  small  mechanical  clearance  between  the  rotor  and  the 
stator  makes  it  necessary  to  have  a  heavier  shaft  and  heavier 
and  stiffer  bearings  in  the  induction  motor  than  are  required  m 
other  types  of  rotating  machinery  of  the  same  speed  and  size. 

109.  Speed  Control  of  Induction  Motors.- — The  speed  of  the 
rotor  of  an  induction  motor  is  given  by 

f  X  I'^O 
A^  =  —p^^    (1  -  h)  (page  236,  equation  65) 

where  A'a  is  the  rotor  speed  in  revolutions  per  minute,  /  is  iit% 

frequency  of  supply  in  cycles  per  second,  P  is  the  number  of  pole  I 

and  s  is  the  slip. 

Obviously,    there     are    three   (actors,    frequency,    slip   i 
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number  of  poles  which  determine  the  speed  of  the  induction 
motor.  In  order  to  change  the  speed,  it  is  necessary  to  change 
at  least  one  of  these  factors. 

Changing  the  Slip.— The  slip  may  be  changed  by  introducing 
resistance  into  the  rotor  circuit.  This  has  already  been  dis- 
cussed in  connection  with  the  wound-rotor  type  of  motor.  At 
a  given  slip,  any  value  of  torque  up  to  the  break-down  torque  may 
be  obtained  by  this  method.  Its  disadvantages  ore  lowered 
efficiency  and  poor  speed  regulation. 

These  disadvantages  may  be  avoided  by  introducing  counter 
emfs.  instead  of  resistance  into  the  rotor  circuit,  either  at  line 
frequency,  which  requires  that  the  rotor  have  a  commutator,  or 
by  means  of  an  auxiliary  com  mutating  machine  which  introduces 
counter  emfs.  at  rotor  frequency  through  slip-rings.  This  last 
method  necessitates  the  use  of  a  commutating  type  of  machine 
which  produces  emfs.  at  rotor,  or  slip  frequency.  It  mUst 
therefore  be  excited  by  the  rotor  currents  themselves.  The 
Sherbius^  method  of  speed  control  is  the  most  common  example 
of  this  counter-electromotive  force  method. 

When  a  current  flows  against  a  counter-electromotive  force  in 
a  rotating  machine,  mechanical  power  is  developed.  This  occurs, 
for  example,  when  the  current  flows  against  the  counter-electro- 
motive force  in  a  direct-ciurent  motor.  The  counter-electro- 
motive force  machine  accordingly  develops  mechanical  power, 
which  is  available  for  various  purposes.  Unlike  the  voltage 
drop  in  a  resistance,  the  counter-electromotive  force  is  practi- 
cally independeijt  of  the  current  (see  "Counter-electromotive 
Force  Cells,"  Vol.  I,  page  401).  Therefore,  a  motor  employing 
this  method  of  speed  control  has  good  speed  regulation  and 
efficiency. 

I  Figure  246  shows  the  connections  employed  in  obtaining  speed 
control  by  the  foregoing  method,  A  is  the  main  induction  motor 
'  having  a  slip-ring  rotor.  B  is  a  three-phase  commutator  motor  on 
whose  stator  are  shunt-field  windings  F^,  Fi,  and  F%,  spaced  120 

•  "Theory  of  Speed  and  Power-factor  Control  of  Large  Induction  Motors 
by  Neutralised  Polyphase  Alternating-current  Commutator  Machines, " 
by  John  I,  Hull,  JourimIo/(fee/l.  /.  E.  E.,  May,  1920. 

Also,  "Some  Methods  of  Obtaining  Adjustable  Speed  with  Electrically 
Driven  Rolling  Milb,"  by  K.  A.  Pavily,  Gmeroi  Electric  Review,  May,  1921, 
page  422. 


i 


ALTERNATING  CURRENTS 

electrical  space-degrees  apart.  The  rotor  or  armature  of  B  is 
wound  three-phase  and  the  coils  are  connected  to  a  commutator 
in  the  same  manner  as  they  are  in  a  direct-current  armature. 
The  three-phase  slip-ring  currents  of  the  main  motor  are  carried 
into  the  armature  of  B  through  the  brushes  and  commutator, 
the  brushes  being  spaced  120  electrical  space-degrees  apart  as 
shown.  Series  compensating  windings  C-,,  d  and  Ct  act  along 
their  respective  brush  axes  and  assist  commutation. 


A  three-phase  auto-transformer  B  is  Y-connected  acroes  t 
slip-ringB.     A  tap  on  each  phase  of  this  transformer  feeds  on| 
of  the  shunt  fields  F,,  Fj,  f  a,  the  shunt  fields  being  connected  ii 


A  constant  speed  generator  G,  usually  of  the  induction  type,  ii 
mechanically  connected  to  the  motor  B,  and  delivers  back  in^ 
the  line  the  power  received  from  the  motor. 
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A  detailed  analysis  of  the  operation  of  this  apparatus  involves 
a  somewhat  complicated  vector  diagram  and  is  beyond  the  scope 
of  this  book.  However,  it  can  be  shown  that  the  commutator 
motor  develops  an  electromotive  force  in  each  phase  which  is 
Dearly  in  phase-opposition  to  its  respective  phase  current.  This 
emf.  is  practically  independent  of  the  slip,  if  the  speed  of  the 
conmiutator  motor  be  held  constant  by  its  load,  such  as  the 
generator  G.  Therefore,  neglecting  impedance  drops,  the  rotor 
of  the  main  motor  will  slip  until  its  emf.  is  equal  to  the  counter 
emf.  of  the  commutator  motor.  Aa  the  rotor  emf.  is  proportional 
to  the  slip,  the  rotor  slip  will  be  constant  at  all  loads  if  the  impe- 
dance drops  be  neglected. 

When  a  current  flows  in  opposition  to  an  emf.  (as  in  a  direct- 
current  motor)  it  gives  up  energy.  Therefore,  the  current  de- 
livered to  motor  jB  gives  up  energy,  some  of  which  is  returned  to 
the  line  through  generator  G.  Ordinarily,  in  the  wound-rotor 
type  of  motor  this  energy  is  lost  in  heating  a  resistance.  The  fact 
that  this  coimter  emf.  is  constant  gives  the  motor  a  practically 
con atant-e peed  characteristic  for  any  one  adjustment.  Speed 
adjustments  are  made  by  changing  the  positions  of  the  taps  of 
the  auto-transformer  B.  Because  of  the  cost  of  two  extra 
machines,  this  method  has  been  but  little  employed  in  this 
country  except  in  the  very  large  units  used  in  steel  mills,  where 
the  method  is  now  coming  into  general  use. 

Change  of  Frequency. — Commercial  power  systems  operate  at 
constant  frequency  and  it  is  impossible  to  control  the  speed  of 
induction  motors  by  change  of  frequency  when  the  motors  take 
their  power  from  such  systems.  In  a  few  special  instances,  such 
as  in  the  electric  propulsion  of  battleships,  {General  Electric 
Review,  April  1919),  the  motors  are  the  only  loads  connected  to 
the  turbo-alternators.  Therefore,  it  is  possible  to  obtain  speed 
control  by  changing  the  speed  of  the  turbines  themselves. 
Even  here  the  range  of  speed  variation  is  limited,  because  the 
efficiency  of  turbines  decreases  very  rapidly  when  their  speed 
departs  from  the  speed  for  which  they  are  designed. 

Change  of  Poles. — By  means  of  a  suitable  switch,  the  stator 
connections  may  be  changed  in  such  a  manner  that  the  number 
of  poles  is  changed.  This  changes  the  synchronous  speed  of  the 
motor  and  therefore  the  speed  of  the  rotor.     If  tKa  ^V^a  "oe. 


262 


ALTERNATING  CURRENTS 


changed  in  the  ratio  of  three  to  two,  the  winding  will  probably 
be  designed  for  %  pitch  at  the  higher  speed  making  it  a  full- 
pitch  winding  for  the  lower  speed.  In  such  a  motor  the  best 
possible  design  is  not  usually  obtainable  at  both  speeds.  That 
is,  desirable  characteristics,  such  as  high  power-factor,  etc.,  are 
sacrificed  at  one  speed  in  order  that  a  reasonably  good  motor 
may  be  obtained  at  the  other  speed.  Sometimes  the  stator 
connections  are  changed  from  delta  to  Y  at  the  same  time  that 
the  pole  connections  are  changed.  This  changes  the  voltage 
per  phase  and  makes  possible  a  better  motor  at  each  speed. 
Because  of  the  complications  involved  in  changing  the  connec- 
tions, it  is  not  desirable  to  obtain  more  than  two  speeds  by  chang- 
ing the  number  of  poles.  To  avoid  these  complicated  switching 
connections,  induction  motors  sometimes  have  two  distinct 
windings,  the  two  windings  being  connected  for  a  different  num- 
ber of  poles.  The  7,500-hp.,  wound-rotor  induction  motors  used 
to  drive  the  electrically-propelled  battleship  Tennessee  have  this 
type  of  winding.  One  winding  is  connected  for  36  poles  and  the  | 
other  for  24  poles.  ^ 

In  the  electrically -propelled  battleship  New  Mexico,  the  moto 
are  direct-connected  to  the  propeller  shafts.     The  statora  c 
be  connected  for  24  poles  or  for  36  poles,  giving  a  speed  changi 
of  three  to  two.     In  wound-rotor  types  of  motors  it  is  neces 
to  change  the  rotor  as  well  as  the  stator  connections.     Othen 
negative  torque  will  be  developed  by  certain  of  the  rotor  c 
ductor  belts. 

Speed  Control  by  Concatenation. — This  method  requires  two 
motors,  at  le^st  one  of  which  must  have  a  wound-rotor.  The 
speed  is  changed  by  changing  the  slip  of  one  motor,  which  changes 
the  frequency  supplied  to  the  other  motor.  The  two  rotors  are 
connected  rigidly  together  as  indicated  in  Fig.  247.  Line  fre- 
quency is  supplied  to  the  stator  of  one  motor,  as  No.  1,  Fig.  247, 
This  first  motor  should  have  a  one-to-one  ratio  of  transformaticH 
between  stator  and  rotor.  That  is,  at  standstill,  and  with  t 
external  circuit  of  the  rotor  open,  the  voltage  across  the  r 
slip-rings  should  be  equal  to  line  voltage.  Assume  that  the  two" 
motors  are  similar  and  that  the  rotors  operate  at  slightly  lees 
than  half  the  synchronous  speed  of  the  first  motor.  The  rotor 
frequency  of  No.  1  motor  is  ahghtly  greater  than  half  line  t 


iti<»^ 
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quency,  as  the  slip  is  slightly  greater  than  50  per  cent,  (see  page 
236,  equation  65).  Therefore,  the  synchronous  speed  of  No.  2 
motor  is  practically  half  that  of  No.  1  motor.  The  rotors  each 
operate  at  a  speed  which  is  slightly  less  than  half  the  synchron- 
ous speed  of  the  first  motor.  The  rotors  so  adjust  their  speeds 
that  their  combined  torque  is  just  sufficient  to  carry  the  load. 
It  is  not  necessary  that  the  two  motors  have  the  same 
number  of  poles.  The  various  speeds  for  combinations  in  which 
the  two  motors  have  a  different  number  of  poles  may  be 
determined  as  follows: 


Fio.  2<7. — Concatenation  of  induction  n 


Let  N  be  the  speed  of  the  combination,  /i  and  /a  the  stator 
frequencies,  Pi  and  Pi  the  number  of  poles  and  s,  and  Sj  the  slips. 
The  speed  of  the  first  rotor 
_f,X  120  , 


Ni- 


-  (1  —  si)  (page  236,  from  equation  65) 


'  (1  -  s,) 


(68) 


^■Tfae  speed  of  the  second  rotor 

V                -J,       /sX120,,          ,      s,/iX120  ,,  , 

^  JV,  =■'— p (1  -  Ss)  =  ^^ (1  -  sa) 

As  the  two  rotors  are  rigidly  coupled,  the  speed  A^,  equals  the 
speed  N2. 

from  which 

P, 

"">,+P, -P.O. 
PiSi  is  very  small  in  comparison  with  Pi  -f-  Pj,  when  the  combina- 
tion is  operating  near  its  synchronous  speed,  and  it   may  be 
neglected.    Then 
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If  the  Btator  of  the  seeond  motor  is  so  connected  that  its  rotoi 
tends  to  turn  in  a  direction  opposite  to  that  of  the  rotor  of  t 
first  motor,  equation  (68)  becomes 

Again  neglecting  tile  term  PiSj,  the  slip  becomes 
P. 

The  set  will  not  start  of  itself  if  connected  in  concatenatioi 
with  the  rotors  tending  to  turn  in  opposite  directions. 
must  first  be  brought  up  to  speed  either  by  an  auxihary  moto) 
or  by  one  motor  alone,  before  the  second  one  is  connected. 

As  an  example  of  the  speeds  obtainable  with  two  motors  hav 
ing  a  different  number  of  poles,  consider  two  60-cycle  mot<»( 
one  having  4  poles  and  the  other  20  poles.  The  following  syn 
cbronous  speeds  are  obtainable: 

Four-pole  motor  alone:  1,800  r.p.m. 

Twenty-pole  motor  alone:  360  r.p.m. 

When  the  4-pole  and  20-pole  motors  are  in  concatenatioSj 
aiding,  the  slip  of  the  first  motor,  from  equation  ( 


(7(9 


20 


■  20  H 


20 

°24 


The  synchronous  speed  of  the  set  is 

A^  =(1  -  si)l,800  =  ^1,800  =  SOOr.p.n 


When  the  4-pole  and  the  20-pole  motors  are  in  concatenatioi 
opposing,  the  slip  of  the  first  motor,  from  equation  (70), 


20 


20 


'       20-4       16 

The  synchronous  speed  of  the  set  is 

N  ^  (1  -  si)  1,800  =  -  I  (1,800)  =  -  450  r.p.m.,  or  the  s 

now  rotates  in  the  opposite  direction. 

Four  different  synchronous  speeds  are  obtainable  with  thea 
two  motors,  1,800  r.p.m.,  360  r.p.m.,  300  r.p.m.,  -450  r.p.n 

It  is  to  be  noted  that  the  synchronous  speed  resulting  fro 
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•"i  XI  nee  ting  the  motors  in  concatenation  aiding  is  equal  to  that  of 
"■  24-pole  motor,  or  a  motor  whose  poles  are  equal  in  number 
to  tJie  sum  of  the  poles  of  the  two  individual  motors.  When  the 
two  motors  are  connected  in  opposition,  the  resulting  synchron- 
nus  speed  is  equal  to  that  of  a  16-pole  motor,  or  a  motor  whose 
poles  are  equal  in  number  to  the  difference  of  the  poles  of  the  two 
'^dividual  motors. 

It  will  be  recognized  that  the  concatenation  method  of  speed- 
'iontrol  is  very  similar  to  the  series-parallel  method  of  speed 
f^ontrol  for  direct-current  motors  (see  Vol.  I,  page  345,  Par.  223). 
In  concatenation,  at  starting  and  for  intermediate  speeds,  resist- 
ance is  introduced  in  the  rotor  circuit  of  the  second  motor. 
AVhen  the  motors  are  connected  in  parallel  across  the  line,  resist- 
ance is  introduced  in  each  rotor  circuit  and  is  gradually  cut  out. 
llotors  operating  in  concatenation  are  used  abroad  to  some 
extent,  particularly  in  railway  work.  Because  of  its  rather 
complicated  connections,  this  system  of  speed-control  is  not  used 
to  any  extent  in  this  country. 

110.  The  Induction  Generator. — If  an  induction  motor  be 
driven  above  synchronous  speed,  the  slip  becomes  negative. 
The  rotor  conductors  then  cut  the  flux  of  the  rotating  field  in  a 
direction  opposite  to  that  which  occurs  when  the  machine  operates 
as  a  motor.  The  rotor  currents  are  then  reversed  with  respect 
to  the  direction  which  thej'  had  when  the  machine  operated  as  a 
motor.  By  transformer  action  these  rotor  currents  induce  cur- 
rents in  the  stator  which  are  substantially  180°  out  of  phase  with 
the  energy  component  of  the  stator  current  which  existed  when 
the  machine  operated  as  a  motor. 

The  induction  motor,  therefore,  can  be  used  as  a  generator, 
but  it  has  certain  limitations  which  the  synchronous  alternator 
does  not  possess. 

The  machine  does  not  have  a  definite  speed  for  a  given  fre- 
quency as  the  synchronous  alternator  has,  but  the  speed  with 
constant  frequency  varies  with  the  load.  The  load  is  practically 
proportional  to  the  slip.  Because  it«  speed  is  not  in  synchronism 
with  line  frequency,  the  machine  is  often  called  an  asynchronous 
generator.  The  frequency  and  voltage  of  the  induction  gen- 
erator are  thai  of  the  line  to  which  it  is  conneded,  irrespective  of 
^ speed. 
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An  alternator,  by  itself,  cannot  deliver  power  unless  its  field  is  , 
excited.  The  same  is  true  of  the  induction  generator.  The 
alternator  usually  receives  its  excitation  from  a  direct-current  :' 
source  or  its  equivalent  and  the  resulting  north  and  south  poles  I 
are  rotated  mechanically.  The  flux  in  the  induction  generator 
is  produced  by  the  polyphase  exciting  currents  in  the  stator  wind- 
ings and  the  resulting  north  and  south  poles  rotate  in  the  air  gap 
at  synchronous  speed.  The  currents  which  excite  these  north 
and  south  poles  come  from  the  line.  Therefore,  the  induction 
generator  does  not  receive  its  exciting  current  from  a  separate 
source,  but  from  the  same  lines  that  conduct  away  the  energy 
that  it  generates.  The  induction  generator  cannot  generate  its 
own  exciting  current  but  the  exciting  current  must  be  supplied  by 
the  line.  For  this  reason  it  is  necessary  to  have  either  a  static 
condenser  or  synchronous  apparatus  in  parallel  with  the  induc- 
tion generator  for  supplying  its  excitation.  A  static  condenser, 
however,  is  seldom  practicable. 


Via.  248. — Vector  diagram  of  indiii 


Moreover,  the  induction  generator  can  deliver  only  leading 
current.  If  a  load  requires  a  lagging  current,  a  synchronous 
machine  in  parallel  with  the  induction  generator  must  supply 
the  lagging  component  of  this  current. 

The  reason  for  this  is  as  follows: 

Let  V,  Fig.  248,  be  the  terminal  voltage  of  an  induction  ma- 
chine operating  as  motor.  The  counter  or  generated  electro- 
motive force  E  is  approximately  180°  from  V.  Let  !„  be  the 
quadrature  exciting  current  lagging  90°  behind  V  and  let  !'„  be 
the  motor  energy  current.  The  total  current  taken  by  the  motor 
is  the  resultant  current  /«,  lagging  behind  V  (see  page  344,  Fig. 
233).  When  the  rotor  speed  is  increased  by  a  suflficient  amount, 
the  machine  passes  from  motor  to  generator  action.  The  mag- 
nitude and  the  phase  of  the  air-gap  flux  alter  by  only  a  slight 
amount  during  this  transition,  just  as  the  flux  of  a  shunt  mol 
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does  not  change  in  sign  and  changes  in  magnitude  by  only  a 
small  amount,  if  at  all,  when  the  machine  passes  from  motor  to 
generator  action  through  the  speeding  up  of  its  armature. 
Therefore,  the  exciting  current  /„,  which  produces  the  0ux,  re- 
mains substantially  constant  in  both  magnitude  and  phase,  just 
as  the  exciting  current  of  a  shunt  motor  does  not  change  much 
when  the  machine  is  speeded  up  by  mechanical  means  so  that 
it  becomes  a  generator. 

However,  as  the  rotor  speeds  up,  it  cuts  the  flux  in  a  direction 
which  is  opposite  to  that  occurring  when  the  machine  operates 
as  a  motor;  that  is,  the  slip  becomes  negative.  Therefore,  the 
induced  electromotive  force  in  the  rotor  conductors  reverses  in 
sign,  as  has  already  been  pointed  out.  As  the  rotor  reactance  is 
very  low  at  these  low  values  of  slip,  the  currents  produced  in  the 
rotor  are  nearly  in  phase  with  their  induced  electromotive  forces 
and  they  flow  in  a  direction  opposite  to  that  which  they  had  as 
motor  currents.  These  induced  currents  react  on  the  primary  in 
the  same  manner  that  the  secondary  current  of  a  transformer 
reacts  on  the  primary.  As  a  result,  an  energy  current  /„  180° 
from  the  motor  current  /»,,  is  induced  in  the  primary.  The 
currents  in  the  rotor  are  nearly  in  phase  with  the  induced  elec- 
tromotive force  of  the  rotor.  The  induced  electromotive  force 
of  the  stator  is  in  phase  with  the  rotor  electromotive  force.  The 
atator  ampere-turns,  excluding  the  effect  of  the  magnetizing  cur- 
rent, are  equal  and  opposite  to  the  secondary  or  rotor  ampere- 
turns.  These  stator  ampere-turns  are  represented  by  the  vector 
/„  in  Fig.  248.  Since  the  rot-or  ampere-turna  are  nearly  in  phase 
with  the  secondary-induced  electromotive  force,  the  opposite 
and  equal  primary  component  /,,  of  the  generator  current  must 
be  nearly  in  phase  with  the  primary-induced  electromotive  force, 
E,  and  the  generator  terminal  voltage  V.  In  the  vector  dia- 
gram I'a  actually  leads  E  by  a  small  angle  which,  for  simplicity, 
is  neglected  in  Fig,  248.  Therefore,  le  is  practically  all  energy 
current.  For  any  particular  kilowatt  load,  corresponding  to  the 
energy  current  /„,  the  total  generator  current  is  /,,,  the  vector 
sum  of  /„  and  lo-  Ig  is  a  leading  current,  as  the  generator 
terminal  voltage  V  is  nearly  in  phase  with  its  induced  electro- 
motive force  E.  The  generator  phase  angle  fl  is  not  determined 
by  the  load,  therefore,  but  by  the  generator  itself. 
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If  the  load  requires  a  lagging  current,  this  machine  cannot 
supply  it.  Thia  is  illustrated  by  Fig,  249.  A  certain  load  re- 
quires a  current  7,  lagging  a  degrees  behind  the  terminal  voltage 
V.  It  is  desired  to  supply  as  much  of  thia  current  as  possible 
by  means  of  an  induction  generator  and  to  allow  an  alternator 
to  supply  the  remainder.  Resolve  the  load  current  I  into  two 
components,  an  energy  component  i'l  and  a  lagging  quadrature 
component  ii.  The  induction  generator  can  by  proper  speed 
adjustment  supply  the  energy  current  ii.  However,  its  leading 
exciting  current  Jo  's  fixed,  as  has  already  been  demonstrated. 
Therefore,  Ig,  the  resultant  of  I'l  and  Jo,  is  the  total  induction 
generator  current  at  this  load. 

Obviously  the  alternator  must  supply  that  part  of  the  load 
current  which  the  induction  generator  cannot  supply.     That  is, 


I 


Fia.  249.— Currents  supplied  by 


the  alternator  must  supply  the  difference  lietween  the  h 
current  and  the  induction  generator  current.  To  obtain  the 
difference  between  two  vectors,  reverse  one  and  add  (page  12, 
Par.  7).  As  7„  is  subtracted,  it  is  reversed  and  the  resulting 
alternator  current  is  /„  which  is  equal  in  magnitude  to  the  arith- 
metical sum  of  j's  and  /o-  It  will  be  observed  that  the  alternator 
in  this  case  supplies  no  power.  Its  entire  current  is  lagging  quad- 
rature current  and  is  equal  to  the  exciting  current  of  the  induct! 
generator  plus  the  lagging  quadrature  current  of  the  load. 

If  the  load  were  such  as  to  require  a  leading  current,  the  qui 
rature  component  of  which  was  just  equal  to  !«,  theoretically 
the  induction  generator  could  of  itself  supply  the  entire  load. 
Even  then  it  would  be  necessary  to  have  synchronous  apparatus 
on  the  system  to  secure  satiafactoiy  operation. 
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The  inability  of  the  induction  generator  to  deliver  lagging 
current  is  the  principal  objection  to  its  use.  Considerable  kv-a. 
in  synchronous  apparatus  is  required  to  supply  the  total  quad- 
rature current  required.  The  distinct  advantage  of  the  induc- 
tion generator  is  the  fact  that  it  does  not  hunt  or  drop  out  of 
synchronism;  it  is  simple  and  rugged,  and  when  short-circuited 
it  delivers  little  or  no  power  because  its  excitation  at  once  becomes 
zero.  Its  principal  use  seems  to  be  in  the  development  of  small 
water  powers,  where  the  cost  of  attendance  would  prohibit  the 
use  of  synchronous  apparatus.  The  induction  generator  con- 
nected to  the  water  wheel  does  not  need  to  be  synchronized, 
T  lequires  no  direct-current  excitation,  and  does  not  fall  out  of  syn- 
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chronism.  It  deUvers  power  if  there  is  sufficient  water;  if  not, 
it  merely  runs  idle  as  an  induction  motor.  Such  machines  would 
feed  into  a  main  generating  station  located  in  the  vicinity  and 
so  could  be  under  the  occasional  inspection  of  an  operator. 

The  induction  generator  is  also  very  useful  for  braking  purposes 
in  railway  work.  If  the  induction  motors  be  left  connected 
across  the  line  on  a  down  grade,  any  tendency  of  the  train  to 
drive  them  above  synchronism  will  be  accompanied  by  generator 
action.  In  addition  to  braking  the  train,  the  generators  pump 
power  back  into  the  line  and  so  relieve  the  main  generating 
etation  of  some  of  its  load.  The  machine  therefore  requires  no 
-   .complicated    control    apparatus    when    used    for    reg,eoft<»S.vi^ 
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braking,  such  as  is  required  by  direct-current  motors  operating 
under  similar  conditiona. 

Figure  250  shows  the  variation  of  current,  efficiency,  slip,  and 
torque  of  an  induction  machine  as  it  passes  from  motor  to  gen- 
erator. It  win  be  noted  that  the  current  does  not  pass  through 
zero,  although  the  power  does.  The  point  of  minimum  current 
is  the  exciting  current  of  the  machine,  shown  by  lo-  At  syn- 
chronous speed,  the  line  supplies  the  core  losses,  and  the  friction 
losses  arc  supplied  mechanically.  The  generator  must  be  driven 
somfwhat  above  synchronous  speed  before  it  supplies  its  own 
core  losses. 
■*  111.  The  Circle  Diagram.— The  operating  characteriBtics  of 
an  induction  motor  may  be  determined  experimentally  without 


Fia.   251.— Thd 


actually  loading  the  motor,  just  as  was  done  in  the  case  of  the 
alternator  and  of  the  transformer.  It  can  be  shown  that  with 
constant  impressed  voltage  and  constant  frequency,  the  locus  of 
the  primary  current /,  Fig.  251,  as  the  load  on  the  induction  motor 
is  varied,  is  an  arc  of  a  circle.  That  is,  with  change  of  load,  the 
end  E,  of  the  current  vector  /,  moves  along  the  arc  of  a  circle 
PEHK.  This  diagram  is  approximate  in  that  it  neglects  the 
impedance  drop  and  the  copper  loss  in  the  stator  due  to 
the  magnetizing  and  core-loss  currents.  To  obtain  data  for  tbe  i 
construction  of  this  diagram  an  open-circuit  and  a  short-circi 
(or  blocked)  run  are  made,  as  is  done  with  the  alternator  an( 
the  transformer.     Using  the  data  obtained  from  these  two  testif 
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the  operation  of  the  motor  may  be  determined  with  a  very  fair 
degree  of  accuracy  by  the  use  of  such  a  circle  diagram. 

The  motor  is  first  run  at  rated  voltage  without  load  and  the 
line  voltage  V,  the  line  current  /«,  and  the  total  watts  Pp  are 
measured.     The  no-load  power-factor  angle  9u  can  then  be  deter- 

Po 

mined  (cos  flo  =  ~/W^Ff  ^°^  ^  three-phase  motor).     The  voltage 

per  phase  V  is  laid  off  vertically,  Fig.  251,  and  the  no-load  cur- 
rent /„  (per  phase)  is  laid  off  at  an  angle  6„  from  V  and  lagging. 
The  rotor  is  then  blocked.  In  order  that  the  current  may  be 
kept  within  reasonable  limits,  the  supply  voltage  per  phase,  V, 
is  reduced  to  voltage  v',  which  should  be  of  such  value  as  to  give 
a  short-circuit  current  approximately  equal  to  the  rated  motor 
current.  The  phase  current  H,  the  total  power  P'  and  the 
pha,se  voltage  v'  are  measured  under  these  conditions.  Let  V 
be  the  rated  phase  voltage  of  the  machine.  V  =  V  for  a  delta- 
connected  machine  and  V  —  V/\/3  for  a  Y-connected  machine. 
The  measured  current  /i  is  increased  in  the  ratio  of  the  rated 
motor  voltage  V  (per  phase)  to  the  reduced  voltage  v'. 
This  gives  Is  —  OH,  the  current  per  phase  which  would  exist 
were  the  rated  line  voltage  V  impressed  across  the  motor  when 
blocked.  This  current  lags  T"  by  an  angle  9h. 
P' 

'  cos  9a  =     ■  ,'   , 

■  v' 

where  n  is  the  number  of  phases. 

OL  is  drawn  making  an  angle  of  90°  with  OV  in  a  clockwise 
direction.  7b  =  OH  is  laid  off  making  an  angle  Qg  with  OV. 
Points  P  and  ti  on  the  circle  are  therefore  determined. 

Line  PU  is  drawn.  PK  is  drawn  parallel  to  OL.  It  is  not 
necessary  to  know  point  K  in  order  to  construct  the  diagram. 

With  PK  as  a  diameter,  a  semi-circle  is  drawn  through  points 
P  and  H.  The  center,  M,  of  this  semi-circle  is  found  by  erecting 
a  perpendicular  MM'  at  the  center  of  PH.  The  intersection  of 
MM'  with  PK  gives  the  center  M  of  the  circle.  With  MP  as  a 
radius  and  3f  as  a  center,  the  aemi-circle  PEHK  is  drawn.  PK 
is  the  diameter  of  the  semi-circle  and  ita  length  m  a-m^x^a  'xa 
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PK  ' 


V 
1  +  Xi 


where  V  is  the  phase  voltage  and  xi  and  x^  are 


I 


the  respective  stator  and  rotor  reactances  per  phase,  referred  to 
the  atator. 

A  perpendicular  HJ  is  then  dropped  from  H  to  OL.  The  line 
HF  is  divided  by  G  into  two  segments  such  that  HG:  GF  =  I^^Ri: 
Ii^Ri,  that  is,  in  proportion  to  the  secondary  and  primary  resist- 
ances, respectively,  as  a  one-to-one  ratio  of  rotor  to  stator  turns 
is  assumed.     Line  PG  is  then  drawn. 

At  any  load  current  I,  h  {=  PE)  is  the  secondary  current, 

being  equal  to  I  —  la  vectorially.     EA  is  the  energy  component 

of  the  current  /,  and  therefore  the  total  power  input  per  phase, 

Pi  =  EA  X  V 

The  core  and  friction  losses 

P,  =  BA  X  V  per  phase 

The  primary  copper  loss  /I'fii  =  BC  X  V  per  phase 

The  secondary  copper  loss  L/Ri  =  CD  X  V  per  phase 

The  output  P  =  DE  X  V  pcT  phase 

The  efficiency  =  -j-p, 

The  torque  T  =  CE  (to  scale) 

CD 

The  slip,  s  =  ^ 

The  power-factor  =  cos  9  —  -^ 

Draw  P'G'  parallel  to  PG  and  tangent  to  the  circle  at  E'. 

Break-down  torque  Tb  =  C'E'  (to  scale). 

The  above  diagram  is  drawn  for  but  one  phase  of  the  mol 
The  values  of  power,  losses,  and  torque  must  be  multiplied  by 
if  the  motor  has  n  phases. 

The  torque  scale  may  be  found  as  follows: 

The  torque  is  equal  to  a  constant  times  the  power,  divided  by 
the  speed,  the  value  of  the  constant  depending  on  the  units 
adopted.  The  power  output  per  phase  is  P  =  V  X  DE.  The 
I'otor  speed  Ni  —  N  (1  —  s)  where  N  is  the  synchronous  s] 
in  r.p.m. 

_  CD\    _  NjCE  -  CD)  _  iVX_D^ 
Ce)  CE      "  CE 


iVa  =  N{ 
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The  torque  developed  per  phi 

i7 where  a  is  a  eon 

(II) 


K^^  =  K  ..rrK-n  = \i where  a  is  a  constant 

Ni  iv  X  iJiL  N 


[  CE 

V  X  CE  is  ike  total  power  ■per  phase  delivered  to  ike  rotor. 
The  total  power  delivered  to  the  rotor  by  n  phases,  /"s 

V  X  CE  watts. 
-The  horsepower  output 


^■^'  -  746" 33,000  '"^' 

where  T  is  the  total  torque. 

T>  .                                      ^,        NxDE  t         fi\ 

But                                     iVs  -       „p-  from  (I) 


Substituting  in  (III) 

nXPgX^'  ^  2ir(NXDE)T 
746  "C£X  33,000 


T  =  7.04"-^^-^-^  pound-feet. 
/:  =  7.04  X  n 


^K     As  the  phases  n,  the  voltage  V,  and  the  synchronous  speed  N 

^^ftre  usually  fixed,  the  torque 

K  r  =  K'CE  where  if'  =  7,04  '^— 

112.  The  Measurement  of  Slip. — There  are  various  methods 
for  measuring  slip.  The  slip  may  he.  determined  by  measuring 
the  rotor  speed  and  subtracting  thLs  speed  from  that  of  the  rotat- 
ing field  as  determined  from  the  frequency.  As  the  slip  is  but  a 
very  small  percentage  of  either  the  synchronous  speed  or  the 
rotor  speed  and  is  the  difference  of  two  nearly  equal  quantities, 
it  is  not  possible  to  determine  it  accurately  by  the  measurement 
of  each  of  these  quantities  and  so  finding  their  difference. 

A  simple  method  of  measuring  slip  is  shown  in  Fig.  252.  A 
"target"  or  disc  is  fastened  to  the  end  of  the  shaft  or  to  the 
pulley  of  the  motor.  This  disc  has  the  same  number  of  black 
and  the  same  number  of  white  sectors  as  the  motor  has  poles, 
'his  disc  is  illuminated  by  an  arc  lamp  whiek  \a  lei  Itovo.  'Cos. 
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^^^Hmotor  mains.     When  the  current  in  the  arc  is  pacing  through 
^^^■its  zero  values,  the  arc  emits  but  little  light.     Therefore,  during 
^^H  these  periods  the  sectors  on  the  disc  are  but  dimly  illuminated. 
^^B   In  one-half  cycle  the  armature  of  the  motor  would  advance  one 
^^m    pole  if  there  were  no  slip.     During  this  time  each  black  sector 
^^m     would  advance  to  the  position  just  occupied  by  the  adjacent 
^H     black  sector  which  preceded  it.     The  same  is  true  of  the  whiter 
^H      sectors.     During  the  period  of  advancement  the  sectors  are  buC:nj 
^V       faintly  visible  because  the  current  in  the  arc  is  passing  througt  — i 
H        zero.     Each  black  sector  and  each  white  sector  is  not,  therefore     *5, 
H        clearly  visible  until  it  has  reached  the  position  just  occupied  bji^^rV 
■         the  sector  of  the  same  color  just  preceding  it.     Ab  the  disc  i^ii 


. — Stroboacopic  msthod  for  measuring  alip. 


P 


intensely  illuminated  twice  every  cycle,  while  the  arc  currentis 
passing  through  its  maximum  values,  all  the  sectors  are  clearly 
visible   twice   every   cycle.     Therefore,  if   the   disc  rotated  ** 
synchronous  speed  it  would  appear  stationary.     Due  to  the  fwt 
that  each  conductor  on  the  rotor  does  not  advance  one  pole  each 
half  cyole,  the  sectors  will  not  reach  the  position  of  the  next 
adjacent  sector  of  the  same  color,  but  will  fall  short  of  this 
distance,  due  to  the  slip.     The  sectors  on  the  disc  will  tben 
appear  not  stationary,  but  will  seem  to  be  rotating  slowly  back- 
ward.    The  number  of  revolutions  per  minute  that  they  appeor 
to  rotate  is  the  revolutions  slip  of  the  rotor.     Figure  252  shoOT  i 
a  stroboscope  for  a  four-pole  machine.     Occasionally,  black  an''  J 
white  stripes  are  painted  on  the  face  of  the  pulley,  Fig.  252,  t 
serve  the  same  purpose. 
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A  mechanical-electrical  method  of  measuring  slip  is  shown  in 
Fig,  253.  Two  cylinders  of  insulating  material  are  driven,  one 
by  the  induction  motor  shaft  and  the  other  by  a  small  synchron- 
ous motor  having  the  samfi  number  of  poles  as  the  induction 
motor.  Each  of  these  cylinders  is  fitted  with  a  slip-ring,  to  which 
s.  small  contact  piece  is  connected.  The  synchronous  motor 
always  runs  at  the  speed  of  the  rotating  field.  Therefore,  every 
"time  the  induction  motor  slips  one  revolution,  the  contact  pieces 
■touch  each  other,  closing  the  circuit  between  the  two  slip-rings. 
This  is  indicated  by  a  flash  of  the  light  connected  in  series  with 
the  rings  through  the  brushes  b,  Fig.  253. 
I  In  the  Electrical  Engineering  Laboratories  at  Harvard  Uni- 
reraity,  the  induction  motor  and  the  synchronous  motor  jointly 


Fig.   253.— Me: 


^rive  a  differential  through  gears,  a  method  developed  in  these 
laboratories.  The  speed  of  the  differential  is  the  revolutions 
^lip  of  the  induction  motor.  If  desired,  the  speed  of  the  difTer- 
^ntial,  and  hence  the  slip,  may  be  measured  with  a  speed  counter 
Vith  considerable  accuracy.  By  changing  gears,  the  apparatus 
is  adapted  to  machines  having  any  number  nt  poles. 

113.  The  Induction  Regulator, — Without  auxihary  apparatus, 
it  is  practically  impossible  to  maintain  the  proper  voltage  at  all 
the  distribution  points  of  a  system,  because  with  a  fixed  voltage 
at  the  station  bus-bara,  the  voltage  at  the  ends  of  short  feeders 
will  ordinarily  be  greater  than  the  voltage  at  the  ends  of  long 
feeders.  Owing  to  the  ohmic  and  reactive  drops  in  the  lines, 
the  voltage  at  the  load  end  of  the  feeder  may  vary  considerably 
with  the  load  on  the  feeder.  In  order  to  maintain  a  more  con- 
^ptaut  voltage  at  the  distribution  point,  without  ualn^  a.vi,  %-s.tKar 
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sive  amount  of  copper,  an  induction  regulator  is  often  connected 
to  each  feeder.  This  maintains  the  voltage  at  the  distribution 
point  practically  constant. 

The  induction  regulator  is  a  trailsformer  having  a  movable 
secondary.  In  this  way  it  closely  resembles  the  induction  motor. 
The  general  principle  of  the  single-phase  type  is  shown  in  Fig. 

Sbort-Circalted 
Tertiary  Windlns 


Fig.  254  (a). — Single-phajse  induction  regulator. 


Primary 


Secondary 


Load 


FiQ.  254  (h). — Connections  of  a  single-phase  induction  regulator. 

254.  An  ordinary  winding  is  placed  in  the  slots  on  the  stator 
and  a  drum  winding  is  placed  in  the  rotor  slots.  When  the  second- 
ary is  in  the  plane  of  the  primary,  the  maximum  electromotive 
force  is  induced  in  the  secondary,  because  the  mutual  inductance 
of  the  windings  is  a  maximum  when  the  secondary  is  in  this  posi- 
tion.     When  the  secondary  is  at  right  angles  to  the  primary,  the 
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primary  flux  does  not  link  the  secondary  ao  that  the  induced 
electromotive  force  in  the  aecondary  ia  zero.     As  the  mutual 

inductance  of  the  windings  is  zero  under  these  conditions,  the 
secondary  acts  like  a  choke-coil  of  very  high  impedance.  To 
prevent  this,  a  short-circuited  tertiary  winding  is  placed  on  the 
stator.  This  acts  like  a  short-circuited  transformer  secondary, 
ajid  therefore  reduces  the  inductance  of  the  regulator  secondary 
to  a  very  small  amount.  The  primary  winding  is  shunted  across 
the  line  as  shown  in  Fig.  254  (b)  and  the  secondary  is  connected 
in  series  with  the  line  (compare  with  Fig.  200,  Chap.  VII,  page 
210).     When  the  secondary  is  in  Ihe  plane  of  the  primary  in  one 


Fsition,  its  induced  electromotive  force  is  a  maximum  and  it  is 
connected  to  act  as  a  booster.  When  the  secondary  is  turned 
180  degrees  from  this  position,  its  electromotive  force  is  also  a 
maximum,  but  it  now  bucks  the  line  voltage.  Any  value  of 
voltage  between  that  corresponding  to  these  two  positions  is 
obtainable  by  varying  the  position  of  the  secondary. 

The  secondary  is  turned  by  a  small  motor,  controlled  by  relays, 
Fig.  256.     The  relays  are  actuated  by  a  contact-making  volt- 
meter.    If  the  voltage  is  too  high,  one  set  of  contacts  causes  the 
Rmotor  to  turn  in  such  a  direction  as  to  make  the  secondary 
E  the  line  voltage.     If  the  voltage  is  too  low,  another  set  of 
foontacts  causes  the  motor  to  reverse  its  direction  ani  l\ve  efc^OTxi- 
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ary  boosts  the  line  voltage.  Figure  255  shows  a  General  Elec- 
tric induction  regulator  of  this  type,  disassembled.  In  this  type, 
the  rotor  is  the  primary  and  the  stator  the  secondary.  The 
short-circuited  winding  at 
right  angles  to  the  pri- 
maiy  winding  is  plainly 
shown  on  the  rotor. 

The  three-phase  induc- 
tion regulator  closely  re-  J 
semblcs  the  threo-phaaei, 
wound-rotor  i  n  d  u  c  t  i  o  i 
motor.  The  three  stator' 
windings  or  primaries  are 
connected  across  the  lin& 
in  either  Y  or  delta.  The 
three  secondaries,  which 
correspond  to  the  three- 
phases  of  a  rotor  wind- 
ing, arc  insulated  from' 
one  another  and  each 
connected  in  aeries  wili 
one  of  the  three-pht 
lines.  As  the  stator  pi 
duces  a  uniform  rotating 
field,  the  induced  electron- 
motive  forces  in  the 
ondaries  are  constant  an 
are  independent  of  tt 
position  of  the  roto: 
Their  boosting  and  buei 
ing  effect,  however,  di 
pends  upon  the  phag 
relatioas  existing  between 
each  induced  secondary 
electromotive  force  and  its 
respective  line  voltage. 
The  three-phase  regulator  requires  no  short-circuited  tei 
winding. 


regulator  c 
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114.  The   Series   Motor. — -It   will   be   remembered   that   the 

direction  of  rotation  of  either  the  direct-current  shunt  motor  or 
the  d ire ct^cur rent  series  motor  is  the  same  irrespective  of  the 
polarity  of  the  line  voltage.  If  the  line  terminals  be  reversed, 
both  the  field  current  and  the  armature  current  are  reversed  and 
the  direction  of  rotation  remains  unchanged.  If  such  motors 
be  supplied  with  alternating  current,  the  net  torque  developed 
acts  in  one  direction  only. 

With  alternating  current,  the  shunt  motor  develops  but  little 
torque.  The  high  inductance  of  the  shunt  field  causes  the  field 
current  and  therefore  the  main  flux  to  lag  nearly  90°  in  time-phase 
with  respect  to  the  line  voltage.  The  armature  current  cannot  lag 
the  line  voltage  by  a  large  angie  if  the  motor  is  to  operate  at  a 
reasonable  power-factor.  Therefore,  there  will  be  considerable 
phase  difference  between  the  main  flux  and  the  armature  current. 
Consequently,  such  a  motor  will  develop  but  little  torque  per 
ampere  (see  Par.  103,  page  237).  This  particular  type  of  alter- 
nating-current shunt  motor  is  therefore  not  practicable. 

In  the  series  motor,  the  armature  current  and  the  field  current 
are  in  phase  with  each  other.  The  main  fiux  is  practically  in 
phase  with  the  field  current.  Therefore,  the  armature  current 
is  substantially  in  phase  with  the  flux,  and  the  torque  curve  has 
no  negative  loops  (see  Fig.  227,  page  238).  Consequently,  the 
series  motor  develops  approximately  the  same  torque  per  ampere 
with  alternating  current  as  it  does  with  direct  current.  Funda- 
mentally, the  series  motor  has  possibihtiea  as  an  alternating- 
current  motor. 

The  ordinary  direct-current  series  motor  does  not  operate 
satisfactorily  with  alternating  current  for  the  following  reasons: 

(a)  The  alternating-field  flux  sets  up  eddy  currents  in  the  aoUd 
parts  of  the  field  structure,  such  as  the  yoke,  cores,  etc.,  causing 
excessive  heating  and  a  lowering  of  e^riency; 
279 
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In  the  alternating-current  aeries  motor  this  difficulty  is  elimi- 
nated by  laminating  the  field  structure.  Even  with  laminated 
finld-cores,  however,  losses  in  the  iron  occur  with  alternating  ci 
rent  which  do  not  occur  with  direct  current. 

(b)  There  is  a  relatively  large  voltage  drop  across  the  series  Jielii, 
due  lo  their  high  readarux.  This  limits  the  current  and  a 
duces  the  output  and  power-factor  to  such  low  values  as  to  make 
the  motor  impracticable. 

In  the  alternating-current  motor  this  difficulty  is  partialis 
overcome  as  follows; 

A  low  frequency  is  used,  since  reactance,  X,  is  2t/L,  where/ 
is  the  frequency  and  L  the  inductance.     Even  when  the  fi 


liidut'tiinco.  /.,  is  made  as  low  as  is  practicable,  the  field  reactanW, 
A',  will  bpconsidcrablj- too  high  unless  the  frequenc}-/i3  made  to*- 
The  UMual  lighting  frequency  of  GO  cycles  is  much  too  hi^.  except 
\\w  niutorii  of  fractional  horsepower  rating.  Difficulty  is  es- 
IHM'irnwd  in  deeigiung  a  series  motor  for  a  frequency  d  S6 
,  t•^-t>n.  Td  obtain  satisfactory  operation,  frequmoB 
itf  121^  ftuii  15  cyc^  are  ccmmooly  used  sbrood  ins  tbis  Qik4 

Til*  titduclam-c  varira  as  the  square  of  the  Dumber  of  t 

w  |>i>r  piili^  must  tberefot?  be  reihiced  to  a  miniminn  i 
kt*c|>  the  induetancf*.  and  therefore  tb«  reactaoce,  1 
nulficii-ut  9ux  with  few  ampefe-turns  per  poJe,  tli 
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reluctance  of  the  magnetic  circuit  must  be  reduced  to  a  mini- 
mum. This  is  accomplished  by  operating  the  iron  at  low  flux 
densities  and  therefore  at  high  permeabilities,  and  by  using  a 
very  short  air-gap.  Because  of  the  small  number  of  field  ampere- 
turns  and  the  very  low  flux  density,  a  very  short  pole  of  large 
cross  section  is  necessary,  as  indicated  in  Fig.  257. 

(c)  The  armature  of  an  alternaling-curreni  series  motor  of  a 
given  rating  has  an  unusually  large  number  of  amdudors.  A 
motor  of  fixed  horsepower  and  speed  must  develop  a  correspond- 
ing torque.  The  torque  developed  by  a  motor  is  proportional 
"to  the  product  of  the  field  flux  and  the  armature  ampere-con- 
ductors. Therefore,  if  the  total  flux  of  the  alternating-current 
motor  is  leas  than  the  total  flux  of  a  direct-current  motor  of  the 
same  rating,  the  armature  ampere-conductors  of  the  alternating- 
current  motor  must  be  correspondingly  increased  in  order  to 
obtain  the  required  torque.  This  is  one  reason  why  the  arma- 
ture of  the  alternating-current  motor  is  larger  than  that  of  the 
direct-current  motor  of  the  same  rating. 

{d}  The  aUemating-curreTii  motor  has  a  lesser  number  of  field 
ampere-turns  and  a  greater  number  of  arm^ure  ampere-turns  than 
the  corresponding  direct-current  tnotor.  That  is,  the  motor  has  a 
strong  armature  and  a  weak  field.  This  means  that  the  arma- 
ture reaction  is  unduly  large.  Therefore,  the  effect  of  the  arma- 
ture cross-magnotizing  turns,  unless  compensated,  is  to  produce 
unusually  great  field  distortion.  As  thia  distortion  of  the  field 
by  the  cross-magnetizing  armature  ampere-turns  would  make 
commutation  practically  impossible,  this  cross-magnetizing 
action  must  be  neutralized.  This  is  accomplished  by  means  of  a 
compensating  winding  placed  between  the  main  poles,  as  shown 
in  Fig.  257,  this  winding  being  embedded  in  the  pole  faces  (also 
see  Thompson-Eyan  winding,  Vol.  I,  page  275,  Fig.  247),  In 
order  to  reduce  the  reactance  of  the  armature,  also,  this  compen- 
sating winding  should  not  only  neutralize  the  cross-magnetizing 
field  of  the  armature  as  a  whole,  but  it  should  neutrafize  it  ai 
every  point.  Although  it  is  impossible  to  secure  complete  neu- 
tralization at  every  point,  a  close  approximation  to  this  is  ob- 
tained by  distributing  the  conlpensating  winding  over  the  pole 
faces,  Fig.  257,  and  by  making  each  group  of  pole-face  conduc- 
tors carry  a  current  equal  and  opposite  to  the  current  in.  the 
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Fio.   258.— Coiidm 


group  of  armature  conductors  directly  under  it,  as  is  also 
tiatcd  in  Fig.  257. 

The  compensating  winding  may  be  connected  in  series 
the  armature,  Fig.  258,  in  wliich  ease  the  motor  is  said  to 
condudively   compensated.     When   it   is   necessary   to   use 
motor  on  a  direct-current  system  as  well  as  on  an  altemat 
current  system,  conductive  compensation  is  necessary. 

If  the  compensating  w 
inpcoinitii,  ing  be  short-circuited  on  iti 
wi"J.M  pig_  259,  the  winding  is  Un 
with  the  cross-magnetij 
flux  of  the  armature  . 
therefore  becomes  the  sb 
circuited  secondary  of  a  tn 
pciiunwd  former,  the  armature  amp 
turns  being  the  primary, 
the  secondarj'  ampere-turns  of  a  transformer  are  practid 
opposite  in  phase  and  equal  in  magnitude  to  the  primary  a 
turns  if  the  magnetizing  current  be  small,  the  ampere-tuma 
the  compensating  winding  nearly  neutralize  the  ampere-turni 
the  armature.  It  ia  not  possible  to  eliminate  entirely  the  en 
magnetizing  flux  by  this  method,  any  more  than  it  is  posa 
to  eliminate  the  mutual  flux  in  a  short-circuited  transformer,  i 
it  may  be  reduced  to  a  very  small  value. 

The  cross-magnetizing  flux 
links  the  armature  turns, 
causing  the  armature  itself 
to  have  large  self-inductance. 
Therefore,  the  reactance  of  the 
armature  alone  (A'a  =  Ztt/Ld) 
is  large,  which  in  turn  woulc 
produce  a  large  reactance 
(/Xb)  drop  and  so  lower  the 

newer  and  the  power-factor  of  the  motor.     The  corapensat 
iing,   acting   like  the  short-circuited  secondary  of  a  tra 
r,  reduces  this  armature  reactance  to  a  small  value, 
is  analogous  to  the  ordinary  transformer,  which  on  op 
a  very  high  impedance.     When  the  secondary  is  sht 
the  impedance  ia  reduced  to  a  very  low  value.    1 


— I  nd  ufti  vely-po  nipensat 
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cessity  for  reducing  this  araiature  reactance  drop  to  a  small 
value  is  the  principal  reason  for  using  a  distributed  compensating 
winding  rather  than  a  more  concentrated  one. 

'  I'e)  In  the  aUernating-curreTit  series  motor  a  commutating  diffi- 
cillty  occurs  which  is  not  present  in  Ike  direct-curre^U  motor. 

Figure  260  shows  a  coil  in  the  neutral  plane  undergoing  commu- 
tation. The  coil  is  there- 
fore short-circuited  by  the 
brushes.  The  plane  of  this 
coil  is  perpendicular  to  the 
direction  of  the  main  field, 
which  is  alternating,  so 
that  the  alternating  flux  of 
this  field  links  the  coil. 
The  short-circuited  coil  Fk 
acta  as  the  secondary  of  a 
transformer,  of  which  the  main  field-winding  is  the  primary, 
and  therefore  has  voltage  induced  in  it.  As  this  coil  is  shoii^ 
circuited  by  the  brushes,  and  has  a  low  impedance,  a  large  cur- 
rent flows.  This  current  causes  severe  sparking  at  the  brushes. 
In  addition,  it  opposes  the  main  flux  and  so  lowers  the  torque. 
To  reduce  this  induced  current  to  as  low  a  value  as  possible. 


^^i 


Fig.  201-— ResistaD 


istance  leads  are  often  inserted  between  the  armature  coils 
and  the  commutator  segments,  as  shown  in  Fig.  261.  Such 
leads,  by  increasing  the  impedance  of  the  short-circuited  coil, 
reduce  the  short-circuit  current.  It  will  be  noted,  Fig.  261,  that 
so  far  as  the  short-circuit  current  is  concerned,  two  such  leads  are 
in  series,  while  so  far  as  the  external  or  load  current  is  concerned, 
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they  are  ta  parallel.  This  makes  the  resistance  of  these  leads  to 
the  short-circuit  current  four  times  as  great  as  it  is  to  the  loaxl 
current.  Except  when  starting,  such  leads  are  in  the  circuit 
but  a  small  part  of  the  time.  If  the  starting  period  ia  too  long, 
the  leads  in  circuit  at  that  time  may  overheat. 

Reactances  for  reducing  this  transformer  current  have  been 
suggested  In  place  of  resistances,  but  the  difficulty  of  finding  room 
for  such  reactances  on  a  rotating  armature  has  prevented  their 
use.  The  induced  voltage  per  turn  in  the  armature  coil  under- 
going commutation  ia  proportional  to  the  flux  per  pole.  In 
order  to  keep  this  voltage  within  allowable  limits,  the  total  flux  per 
pole  must  be  made  as  small  as  possible.  Therefore,  the  number 
of  poles  must  be  increased  in  order  that  there  be  sufficient  total 
flux  to  develop  the  required  torque.     For  this  reason  an  alter- 


FiQ.  262.— Vector  diagram  fi 


nating- current  series  motor  ordinarily  has  more  poles  than  a  cor- 
responding direct-current  motor. 

In  order  to  improve  commutation  still  further,  the  volta^ 
between  commutator  bars  is  kept  down  to  a  low  value.  This 
requires  a  large  number  of  commutator  segment*  and  a  cor^ 
respondingly  large  commutator.  The  voltage  between  commu- 
tator segments  is  still  further  reduced  by  operating  the  motor  at 
low  voltage,  usually  not  over  250  volts. 

Figure  262  shows  the  vector  diagram  for  this  type  of  motor. 
The  resistance  drop,  IR,,  of  the  main  field,  is  in  phase  witJi  the 
current  /.  The  reactance  drop,  IX„  of  the  main  field, 
quadrature  and  leading  the  current  I.  IRa  and  IRc,  the 
ance  drops  of  the  armature  and  compensating  field,  are  in  pi 
with  the  current.  IXa  and  IX^  the  reactance  drops  of 
armature  and  compensating  field,  are  in  quadrature  with 
current  and  leading.     The   reactance   drop  of  the  series  fieU 
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is  much  greater  than  that  of  either  the  armature  or  the  com- 
pensating field.  The  armature  cross-magnetizing  flux  is  not 
essential  to  the  operation  of  the  motor  and  as  far  as  possible  can 
be  neutralized  by  the  compensating  field  ampere-turns.  In  fact, 
the  motor  operation  is  improved  by  the  reduction  of  this  cross- 
magnetizing  flux.  On  the  other  hand,  the  main  flux  is  essential 
to  the  operation  of  the  motor  and  cannot  be  reduced  in  value 
without  reducing  the  torque  per  ampere.  Hence,  it  is  not  prac- 
ticable to  neutralize  the  main  flux  and  consequently  the  series- 
field  reactance  drop  must  be  large,  even  after  the  turns  per 
pole,  etc.)  have  been  reduced  to  a  minimum. 

When  the  alternating-field  flux  is  at  its  maximum  value,  the 
armature  conductors  are  cutting  the  maximum  flux,  and  the 
back  emf.  is  therefore  a  maximum.  When  the  field  flux  is  at  its 
zero  value,  the  back  emf.  is  zero.  Therefore,  the  back  electro- 
motive force  is  in  time-phase  with  the  flux,  and  practically  in 
time-phase  with  the  current,  as  shown  in  Fig.  262. 

The  terminal  voltagCj  V,  is  the  vector  sum  of  the  back  emf., 
E,  and  the  IR  and  IX  voltage  drops  in  the  series  field,  the  com- 
pensating field  and  the  armature.  The  product  of  the  back 
emf.,  E,  and  the  current,  /,  is  the  power  developed  in  the  arma- 
ture. The  power  at  the  pulley  is  leas  than  this  by  the  amount 
of  the  rotational  losses.  The  cosine  of  the  angle  0  is  the  power- 
factor  of  the  motor.  In  order  to  have  high  power-factor,  the 
reactance  drops  must  be  low  and  the  back  emf.  high.  The 
reactance  drops  are  lowest  and  the  back  emf.  is  highest  at  fight 
loads,  and  therefore  the  power-factor  of  the  single-phase  series 
motor  is  highest  at  light  loads,  as  shown  in  Fig.  263,  This  ia 
the  reverse  of  the  power-factor  relations  which  exist  in  the  in- 
duction motor  and  in  the  transformer. 

The  single-phase  series  motor  has  practically  the  same  operat- 
ing characteristics  as  the  direct- current  series  motor.  This  is 
illustrated  in  Fig.  263,  which  gives  the  operating  characteristics 
of  a  typical  railway  motor.  The  torque  or  tractive  effort  varies 
nearly  as  the  aqiiare  of  the  current  and  the  speed  varies  inversely 
as  the  current,  or  nearly  so. 

If  conductively  compensated,  the  motor  operates  satisfactorily 
with  direct  current  and  at  increased  output  and  efficiency. 
When  the  motor  is  operated  with  alternating  current,  the  speed 
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may  be  efficiently  controlled  by  taps  on  a  transformer.     This 
efficient  speed  control  ia  not  possible  with  direct  current. 

The  single-phase  series  motor  operates  satisfactorily  in  railway 
work,  notably  on  the  New  York,  New  Haven  &  Hartford  Railroad.     , 
From  New  Haven  to  Harlem  the  locomotives  take  power  at 
11,000  volts,  25  cycles,  from  an  overhead  trolley  wire,  by  means 
of  a  pantograph  trolley.     An  auto-transformer  on  the  locomotive 
reduces  this  voltage  to  250  volts,  the  rated  voltage  of  the  series 
motors.     The  electric  locomotives  run  from  Harlem  into  the 
Grand  Central  Station,  New  York  City,  over  the  New  York 
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lirect-current  system.     The  same  motors  are 
t-cuirent  and  alternating-current  service,  the 
tching  over  automatically  when  transition  is 
the  other.     The  motors  which  operate  at  250 
nating  current  are  connected  two  in  series  for 
at  ion. 

sion   Motor.— If  an   ordinary   direct-current 
d  in  a  single-phase  magnetic  field  and  the 
rcuited,  a  simple  repulsion  motor  is  obtained. 
p  torque,  however,  the  brush  axis  must  he 
axis  of  the  main  field  by  about  18  or  20  elec- 
8,  as  will  be  shown. 
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the  maximum  torque  occurs  when  the  brushes  are  in  the  neutral 
plane,  that  is  at  right  angles  to  the  flux.  No  torque  would  be 
developed  were  the  brush  axis  parallel  to  that  of  the  flux. 

There  must  he  a  component  of  the  current  in  time-phase  with  the 
fiux  (see  Par.  103,  page  237).  If  there  is  90°  time-lag  between 
the  current  and  the  flux,  the  current  is  a  maximum  at  the  instant 
the  flux  is  zero,  etc.,  and  the  average  torque  is  zero.  With  flux, 
armature  current  and  brush  position  all  fixed,  the  maximum 
torque  occurs  when  the  flux  and  armature  current  are  in  time- 
phase  with  each  other. 

Under  the  conditions  shown  in  Fig.  265,  the  brush  axis  is 
parallel  to  the  resultant  flux.  That  is,  the  angle  between  the  flux 
and  the  brush  axis  is  zero.  A  consideration  of  Fig.  265  (a)  shows 
that  the  current  flows  in  opposite  directions  in  the  two  equal 
conductor  belts  on  each  side  of  the  brush  axis.  Although  it 
can  be  shown  that  the  armature  current  is  nearly  in  time-phase 
with  the  flux,  no  torque  is  developed  because  of  the  space  position 
of  the  brushes. 

Hence  in  this  type  of  motor,  no  torque  is  developed  when  the 
brush  axis  is  at  right  angles  to  the  flux,  for  then  there  is  no  cur- 
rent; no  torque  is  developed  when  the  brush  axis  is  parallel  to 
the  flux,  because  the  ampere-conductors  under  each  pole  develop 
opposite  and  equal  torques. 

It  is  obvious,  however,  that  if  the  brushes  be  placed  in  some 
intermediate  position,  they  will  be  short-circuiting  points  of  the 
vrinding  between  which  a  difference  of  potential  exists  and  there- 
fore currents  will  flow  in  the  winding,  and  also  the  net  ampere- 
conductors imder  each  pole  cannot  be  zero.  It  can  be  shown  by 
a  close  analysis  that  the  armature  current  is  substantially  in 
time-phase  with  the  flux.  Therefore,  under  these  conditions 
the  motor  develops  torque,  and  if  allowed  to  do  so,  the  armature 
Hrill  rotate. 

Figure  266  (o)  shows  the  brush  axis  making  an  angle  a  with 
ihe  pole  axis.  The  arrows  in  this  figure  show,  the  direction  of 
ihe  armature  current  at  the  instant  when  the  upper  wire  is  posi- 
ive  and  the  current  is  increasing  positively.  Figure  266  (6) 
ihows  diagrammatically  the  general  direction  of  these  currents 
hrough  the  armature  and  brushes.  It  will  be  observed  that 
he  current  direction  in  the  conductors  under  each  pole  is  such 

19 


288  ALTERNATING  CURRENTS 

In  Fig.  264,  the  brushes  are  shown  as  being  in  the  geometrical 
neutral  and  short-circuited.  Each  brush  is  at  the  mid-point  of 
its  transformer  winding.  As  the  total  emfs.  in  each  winding  are 
the  same  and  the  windings  are  connected  in  parallel,  each  mid- 
point must  be  at  the  same  potential.  Therefore,  the  brushes 
short-circuit  two  points  at  the  same  potential  and  no  curreDt 
flows  between  brushes. 

It  is  clear  that  without  brushes  there  is  no  armature  current, 
and  even  with  brushes  there  is  no  armature  current,  provided  the 
brush  axis  is  at  right  angles  to  the  pole  axis.  Therefore,  under 
both  these  conditions  there  is  no  armature  current  and,  hence,  no 
torque. 


bruahea  aloDR  pole 


Figure  265  (a)  shows  the  same  condition  existing  in  the  field 
and  armature  as  was  shown  in  Fig.  264  (a),  except  that  the 
brushes  now  lie  along  the  pole  axis.     As  the  general  direction 
of  the  induced  emfs,  has  not  changed,  the  brushes  are  now  short- 
circuiting  the  points  of  the  armature  winding  across  which  the 
maximum  potential  difference  exists.     Therefore,  current  flo 
between  the  brushes  from  both  sides  of  the  armature,  and  in 
brush  position,   the  current  in  the  armature  is  a  mi 
But  the  motor  develops  no  torque  with  the  brushes  in  this 
tion  for  the  following  reason:  Two  conditions  are  neceasf 
the  development  of  torque.     The  angle  between  the  space-pc 
of  the  fiux  axis  and  the  brush  axis  must  be  greater   than 
For  maximum  torque  this  angle  should  be  90°.     For  exampl 
a  direct-current  motor  with  fixed  flux  and  armature  ci 
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the  maximum  torque  occurs  when  the  brushes  are  in  the  neutral 
plane,  that  is  at  right  angles  to  the  (lux.  No  torquo  would  be 
developed  were  the  brush  axis  parallel  to  that  of  the  flux. 

There  must  be  a  component  of  the  current  in  time-phase  vnth  the 
fiux  {see  Par.  103,  page  237).  If  there  is  90°  tune-lag  between 
the  current  and  the  flux,  the  current  is  a  maximum  at  the  instant 
the  flux  is  zero,  etc.,  and  the  average  torque  is  zero.  With  flux, 
armature  current  and  brush  position  all  fixed,  the  maximum 
torque  occurs  when  the  flux  and  armature  current  are  in  time- 
phase  with  each  other. 

Under  the  conditions  shown  in  Fig.  265,  the  brush  axis  is 
parallel  to  the  resultant  flux.  That  is,  the  angle  between  the  flux 
and  the  brush  axis  is  zero.  A  consideration  of  Fig,  265  (a)  shows 
that  the  current  flows  in  opposite  directions  in  the  two  equal 
conductor  belts  on  each  side  of  the  brush  axis.  Although  it 
can  be  shown  that  the  armature  current  is  nearly  in  time-phase 
with  the  flux,  no  torque  is  developed  because  of  the  space  position 
of  the  brushes. 

Hence  in  this  type  of  motor,  no  torque  is  developed  when  the 
brush  axis  is  at  right  angles  to  the  flux,  for  then  there  is  no  cur- 
rent; no  torque  is  developed  when  the  brush  axis  is  parallel  to 
the  flus,  because  the  ampere-conductors  under  each  pole  develop 
opposite  and  equal  torques. 

It  is  obvious,  however,  that  if  the  brushes  be  placed  in  some 
intermediate  position,  they  will  be  short-circuiting  points  of  the 
winding  between  which  a  difference  of  potential  exists  and  there- 
fore currents  will  flow  in  the  winding,  and  also  the  net  ampere- 
conductors under  each  pole  cannot  be  zero.  It  can  be  shown  by 
a,  close  analysis  that  the  armature  current  is  substantially  in 
time-phase  with  the  flux.  Therefore,  under  these  conditions 
the  motor  develops  torque,  and  if  allowed  to  do  so,  the  armature 
will  rotate. 

Figure  266  (a)  shows  the  brush  axis  making  an  angle  a  with 
the  pole  axis.  The  arrows  in  this  figure  show,  the  direction  of 
the  armature  current  at  the  instant  when  the  upper  wire  is  posi- 
tive and  the  current  is  increasing  positively.  Figure  266  (6) 
shows  diagram  ma  tically  the  general  direction  of  these  currents 
through  the  armature  and  brushes.     It  will  be  observed  that 

J  current  direction  in  the  conductors  under  each  pole  is  such 


ALTESXATIS'G  CUi 

» to  derriop  torque.  Figote  266  (e)  sbo«s  tin  iSmtiGa  of  Uk 
todueed  ea^a.  in  tlw  annatare,  ne^ectiiig  the  dktortme  efied 
of  the  amiAture  mmf.  on  the  field  inx.  The  emfs.  in  eadi  half 
of  tbe  anaature  act  in  conjnnctioii,  as  sbonm  in  fj^  264  (ft). 
Aaeatat  for  the  time  being  that  as^  ^  equals  an^  a.  Fig. 
(e).  Tbe  current  paths  through  tbe  win<liag  an  abed  and 
In  path  abed  tbe  emfa.  Eu  and  E^  included  in  an^es  a  and 
respectiveJy,  each  equal  to  tbe  tmsh  disfJaconrait  ai^}e,  ai 
equal  and  act  in  oppOHtion.  Therefore,  they  cancel  each  otfact 
leaving  E^  ae  tbe  net  emf.  throu^  path  abed.  liken-ise  in  pal 
afed,  the  emfe.  E,,  and  E/.  cancel,  leavii^  B.^  as  tbe  net  em 
through  this  path.  Tbe  net  emfe.,  E^  and  E^  axe  effective  j 
sending  tbe  current  through  tbe  armature. 


Tbe  foregoing  is  not  a  rigorous  analj-sis  of  repulsion  moto 
operation,  but  rather  a  statement  of  the  general  principles  o 
which  the  operation  depends.  A  rigorous  analysis  iuvoIv( 
vector  diagrams  of  considerable  complexity  and  is  beyond  th 
scope  of  this  book.' 

In  this  type  of  motor,  the  direction  of  rotation  depends  Oi 
the  brush  position.  For  example,  in  Fig.  266  (c),  the  directioi 
of  rotation  may  be  reversed  by  moving  tbe  brushes  so  that  thq 
cross  the  pole  axis,  the  brush  axi,s  then  making  an  angle  ^  wid 
the  pole  axis.     Angle  3  rntist  be  less  than  90°, 

In  the  foregoing  discussion  a  gramme-ring  winding  has  beeK 
considered,  as  it  is  a  simple  matter  to  follow  the  winding  sinoB' 

■For  raore  detailed  analysb  of  siogle-phase  motors  see  " Principles  fl 
Alternating  Current  Machinery,"  by  Prof.  R.  R,  Lawrence;  McOraw^Hl 
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the  conductors  do  not  cross  one  another,  etc.  However,  it  is  well 
known  that  a  drum  winding,  for  the  same  number  of  poles,  has 
the  same  electrical  characteristics  as  the  gramme-ring  winding. 
The  preceding  analysis  applies  equally  weU  to  a  drum-wound 
armature.  Also,  the  foregoing  principles  apply  to  motors  of 
more  than  two  poles.  Figure  267  shows  the  brush  positions  for 
a  four-pole  motor. 

Instead  of  displacing  the  brushes  from  the  geometrical  neutral 
so  that  a  potential  difference  exists  between  them,  which  results 
in  a  current,  giving  rise  to  torque,  the  same  effect  may  be  obtained 
by  usii^  two  field  windings  displaced  at  right  angles  to  each 
other,  as  shown  in  Fig.  268.     A  compensating  or  transformer 


field,  acting  along  the  brush  axis,  induces  emfs.,  which  in  turn 
cause  currents,  shown  in  Fig.  265,  and  these  currents  react  with 
the  fiux  of  the  main  field  winding  to  produce  torque.  This  type 
of  motor  should  not  be  confused  with  the  four-pole  type  of  Fig. 
267. 

Practically  all  repulsion  motors  are  made  with  non-salient 
poles,  rather  than  with  the  salient  poles  shown  in  the  diagramma- 
tic illustrations  just  given.  The  windings  are  usually  of  the 
distributed  type,  such  as  are  used  for  induction  motors.  The 
fact  that  the  reluctance  to  the  main-field  flux  and  to  the  trans- 
former-field flux  must  be  kept  as  low  as  possible  makes  it  desirable 
to  use  non-salient  poles  and  to  make  the  air-gap  as  short  as  pos- 
sible. Otherwise,  the  magnetizing  currents  for  these  fields  will  be 
high,  lowering  the  power-factor. 
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Repulsion  motors  have  characteristics  similar  to  those  of 
series  motors  aud  have  large  starting  torque.  The  sparking  is 
very  small  at  synchronous  speed  (3,600  r.p.m.  for  a  two-pole, 
60-cyele  motor)  but  at  speeds  diifering  greatly  from  this,  the 
sparking  may  be  excessive.  It  will  be  noted  that  the  motor  of 
Fig.  268  is  similar  to  the  inductively  compensated  series  motor 
of  Fig,  259,  with  the  connections  of  the  compensating  winding 
and  of  the  armature  interchanged.  There  are  several  types  of 
repulsion  motor  on  the  market  which,  while  differing  in  detail 
from  the  motor  just  described,  involve  identical  principles. 

116.  Single-phase  Induction  Motor. — Figure  269  shows  a  two- 
pole  motor  whose  magnetic  field  is  produced  by  single-phase   _ 
current  flowing  in  a  simple  field  winding.     The  current  in  this  ■ 


field  is  assumed  to  vary  sinusoidally  with  time  and  if  the  iron 
be  assumed  to  operate  at  moderate  flux  densities,  the  flux  through  i 
the  armature  will  vary  practically  sinusoidally  with  time.  The] 
variation  of  this  field  with  time  may  be  represented  by  the  pr*-' 
jection  of  a  rotating  vector  ij>max  upon  a  vertical  axis  XX,  showan 
in  Fig.  270.  The  vector  ^„,oi  is  equal  to  the  maximum  vaJue  oti 
the  flux  and  ita  speed  of  rotation  in  revolutions  per  second  b. 
equal  to  the  line  frequency  in  cycles  per  second. 

It  may  also  be  assumed  that  this  single-phase  field  is  made  up  of 
two  equal  and  oppositely  rotating  fields  represented  by  two  equal 
and  oppositely  rotating  vectors,  Fig.  271  (a),  the  maximum  value 
of  each  of  these  fields  or  vectors  being  equal  to  one-half  i^m„. 
The  resultant  of  two  such  vectors  always  lies  along  the  vertical 
axis  and  is  equal  in  magnitude  at  any  instant  to  the  field  actually 
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existing  at  that  instant.  The  same  thing  is  represented  in  Fig. 
271  C6)j  which  shows  the  flux  distribution  curves  of  two  fields  ^i 
and  02,  each  of  which  is  equal  to  one-half  the  maximum  field. 
These  two  fields  glide  around  the  air-gap  in  opposite  directions 
and  with  equal  velocities.  Their  algebraic  sum  i^  at  any  instant 
is  the  value  of  the  resultant 
field  at  that  instant  and  this 
resultant  field  is  stationary 
in  space. 

The  single-phase  field  may 
be  considered  therefore  as 
made  up  of  two  equal  rotat- 
ing fields,  revolving  in 
opposite  directions,  (Ex-  ' 
periment    shows   that    two 

such  fields  actually  exist.)  Each  field  acts  independently  upon 
the  i-otor  and  in  the  same  manner  as  the  rotating  field  of  the  poly- 
phase induction  motor.  One  field  tends  to  cause  rotation  in  a 
clockwise  direction  and  the  other  field  tends  to  cause  rotation 
in  a  counter-clockwise  direction.  Figure  272  shows  the  slip- 
torque  curve  due  to  each  of  the  two  fields.  The  torques  act 
in  opposite  directions  as 
shown.  At  standstill  (shp 
=  1)  the  two  torques  are 
opposite  and  equal,  and 
the  rotor  has  no  tendency 
to  start.  If  the  rof«r  in 
some  manner  be  caused  to 
rotate  in  the  direction  in 
which  the  torque  7*1  is 
)  acting,  Ti  will  immediately 
exceed  the  counter-torque 
T-i  and  the  armature  will 
begin  to  accelerate  in  the  direction  of  T,.  As  the  armature 
speeds  up,  Ti  predominates  more  and  more  over  T-i  and  the 
armature  approaches  synchronous  speed  without  difficulty.  The 
counter  torque  due  to  7*8  always  exists,  however,  although  it  has 
little  effect  near  the  synchronous  speed  of  the  field  which 
produces  Ti. 
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and  rotatfl^H 


When  the  rotor  operates  near  synchronous  speed  and 
in  the  direction  of  Ti,  its  slip  is  nearly  two  as  regards  T; 
fore,    the    rotating    field    which    produces    Ti   induces   double 
frequency  currents  in  the  rotor  at  this  speed.     Those  double- 
frequency  currents,  however,  produce  but  little  torque  because 
of  their  high  frequency.     This  frequency  is  double  the  sta< 
frequency.     Therefore,  the  rotor  reactance  is  many  times 
value  at  slip  frequency.     Consequently,  these  currents  are  si 
in  magnitude  and  make  a  considerable  space-angle  with  the  air- 
gap  flux,  developing  little  counter -torque  (see  Par.  103,  page  237). 

It  is  obvious  that  the  single-phase  induction  motor  rotates 
in  the  direction  in  which  it  is  started. 

117.  Reactions  in  a  Single-phase  Induction  Motor, — ^Althouj 
the  foregoing  treatment  of  the  single- phase   induction   mot 


ause 


gives  some  idea  of  its  method  of  operation,  it  is  not  a  rigoi 
analysis  nor  docs  it  give  a  physical  conception  of  what  acti 
occurs  in  the  motor. 

The  reactions  occurring  in  the  rotor  of  a  single-phase  induction 
motor  are  not  simple  and  several  factors  must  be  considered  if 
an  exact  analysis  is  to  be  made.  In  Fig.  273  the  main  flux  *«  due 
to  the  stator  winding  passes,  at  the  instant  shown,  down  into  the 
armature  from  the  north  pole  N.  In  so  doing  it  links  the  rotor 
conductors  and  due  to  transformer  action,  currents  are  induced 
in  these  rotor  conductors.     These  mduced  currents  in  the  rotflf; 
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conductors  must  flow  in  such  a  direction  as  to  oppose  this  flux 
in  the  same  manner  as  the  secondary  ampere-turns  of  any  static 
transformer  oppose  the  primary  ampere-turns.  The  effect  of 
the  rotor  conductors  is  the  same  as  if  they  were  connected  as 
shown  in  Fig.  273,  each  conductor  being  connected  with  one  on 
the  opposite  side  of  the  armature  to  form  a  closed  turn.  To 
oppose  the  flux  -Pn,,  the  current  must  be  flowing  inward  on  the 
right-hand  side  of  the  armature  and  outward  on  the  left-hand 
side  of  the  armature,  as  indicated  in  the  figure. 

Aasume  that  the  armature  rotates  in  a  clockwise  direction. 
There  will  be  an  emf.  induce<i  in  the  rotor  conductors  due  to  their 
cutting  the  flux  ^u.  This  induced  emf,  is  called  the  speed  elec- 
tromotive  force  Isecause  it  is  induced  entirely  by  the  cutting  of 
the  flux  0j,(  due  to  rotation.  Applying  Fleming's  right-hand  rule, 
this  emf.  acts  inwards  on  the  upper  half  of  the  armature  and 
outwards  on  the  lower  half,  as  shown  in  Fig,  274.  This  emf.  is 
alternating  and  is  a  maximum  when  ^.«  is  a  maximum.  As  the 
rotor  conductors  are  short-circuited  upon  themselves,  alternating 
currents  flow  in  them  as  a  result  of  this  induced  emf.  The  rotor 
reactance  being  high  as  compared  with  its  resistance,  these  cur- 
rents lag  the  induced  emf.  by  very  nearly  90°,  Moreover,  these 
currents  produce  a  flux  0^,  at  right  angles  to  4im,  as  shown  in 
Fig.  274,  just  as  the  ampere-conductors  of  a  direct-current  motor 
produce  a  field  at  right  angles  to  the  pole  axis  when  the  brushes 
are  in  the  geometrical  neutral.  In  practice,  the  stater  completely 
surrounds  the  rotor,  the  air^ap  being  uniform.  At  synchronous 
speed,  *i  is  substantially  equal  to  0v  but  is  90°  from  0«  in  space. 

The  speed  electromotive  force  Ea  is  obviously  a  maximum 
when  ^;u  is  a  maximum.'  The  current  I  a  does  not  reach  its 
maximum  until  nearly  90°  later  in  time,  because  the  rotor  re- 
actance is  high  as  compared  with  its  resistance.  In  Fig.  273, 
ipu  is  shown  as  having  reached  its  maximum  and  acting  verti- 
cally downwards.  After  a  quarter  period,  ^a  reaches  its 
maximum  and  is  acting  90°  in  space  from  the  flux  0m,  as  shown 
in  Fig.  274.  It  will  be  recognized  that  two  such  fields,  acting 
along  axes  90°  from  each  other  in  space  and  differing  in  time- 
phase  by  an  angle  of  90°,  will  produce  a  rotating  magnetic  field. 
This  field  rotates  clockwise  in  Figs,  273  and  274.  As  the  rotor 
slip  increases,  4>.i  decreases  in  magnitude  because  the  &^e«A  ^a 
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^H         reduced.     Therefore,  the  horizontal  field  becomes  less  than  th^'| 
^H         vertical  field  and  a  so-called  elliptical  field  results. 
^H  At  standstill,  ^^  is  zero  and  the  rotating  field  becomes  a  pidsab>  I 

^H         ing  field,  which  has  already  been  described. 

^B  It  might  be  supposed  that  the  above  rotating  field  would  react  *^ 

^H         on  the  rotor  in  the  same  manner  as  the  rotating  field  in  the  poly- 
^H         phase  induction  motor.     Since  <i>»  originates  in  the  armature  and 
^H         also  because  of  its  quadrature  position,  it  cannot  of  itself  react 
^H         on  the  stator  to  cause  a  power  current  to  flow  in  the  stator,  and j 
^1  therefore  it  cannot  of  itself  contribute  power  to  the  rotor.     How-<I_ 

^P         ever,  due  to  the  resultant  rotor  currents  produced  by  the  con>i| 
bined  action  of  the  two  fields  0.,  and  (>«,  it  can  be  shown  that  tl 
resulting  torque  acting  on  the  rotor  under  the  above  conditioai 
agts  in  a  clockwise  direction,  and  so  produces  rotation. 

I*^-""^  118.  The  Operation  of  the  Polyphase  Motor  as  a  Single-phase  " 
Motor. — The  single-phase  induction  motor  is  distinctly  inferior 
to  the  polyphase  motor.  For  the  same  weight,  its  rating  is  about 
50  per  cent,  of  that  of  the  polyphase  motor,  it  has  a  lower  powers j 
factor  and  is  less  efficient. 
If  one  phase  of  a  polyphase  motor  be  opened,  the  motor  1 
operate  as  a  single-phase  motor,  although  it  will  not  start  undc^ 
these  conditions.  The  rating  and  the  break-down  torque  of  i 
polyphase  motor,  operating  single-phase,  are  considerably  i 
duced  and  if  rated  polyphase  load  is  applied  continuously,  t 
motor  may  overheat. 

Ordinarily  in  starting  a  polyphase  motor,  all  three  lines  t 
closed  when  the  compensator  is  in  the  starting  position  and  the 
motor  starts  as  usual.  When  the  compensator  is  thrown  to  the 
running  position,  however,  a  phase  may  become  open  through 
the  compensator.  This  would  occur  if  one  of  the  fuses  were 
blown.  Fig.  238,  page  251.  The  motor  then  operates  single- 
phase  and  the  only  indication  that  it  may  give  of  this  condition  is 
overheating  if  the  load  is  near  the  rated  value.  The  best  teskij 
for  an  open  phase  is  to  insert  an  ammeter  in  each  line. 

119.  Starting  Single-phase  Induction  Motors, — Ab  the  singl 
phase  induction  motor  is  not  self-starting,  auxiliary  means  mm 
be  used  to  supply  initial  torque.     One  method  is  to  split  I 
phase  by  the  use  of  inductance,  resistance  or  capacitance. 
Figure  275  shows  one  method  of  splitting  the  phase,  a  two-pt 


L 


SINGLE-PHASE  MOTORS 


297 


ir  being  shown.  The  main  winding,  which  is  highly  induct- 
:s  connected  across  the  line  in  the  usual  manner.  Between 
nain  poles  are  auxiliary  poles  which  have  a  high-resistance 
ing  and  this  winding  is  also  connected  across  the  line.     As 


i^' 


fieslstance 


Main  Poles 


Single-Phaie 
Supply 


^AaxlIIary  Poles 

.  275. — Split-phase  method  of  starting  a  single-phase  induction  motor. 

■uxiliary  winding  has  a  high  resistance,  its  current  will  be 
nearly  in  phase  with  the  voltage  than  the  current  in  the 
winding.  For  the  best  conditions,  the  two  currents  should 
in  phase  by  90°,  but  this  condition  is  not  readily  obtainable. 


Sesistanee 


2  Indactance 


Motor  Stator 
Fig.  276. — Splitting  the  phase  with  resistance  and  inductance. 

Q  fact  is  not  necessary.  These  two  sets  of  poles  produce  a 
)f  rotating  field  which  starts  the  motor.  When  the  motor 
3  up  to  speed,  a  centrifugal  device  in  the  rotor  opens  the 
h  S  and  disconnects  the  auxiliary  winding. 
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Another  method  of  splitting  the  phase  b  to  use  a  three-pha^- 
winding,  as  shown  in  Fig.  276,  and  to  connect  resistance  aaC^ 
inductance  as  shown.  Resistance  and  capacitance  may  also  b^ 
used.  Either  a  delta-connected  stator,  or  a  Y-connected  stator 
may  be  used.  The  resistance  and  inductance,  when  connected 
as  shown,  displace  the  phase  relations  of  the  ctu-rents  in  the  differ- 
ent phases  of  the  stator  with  respect  to  one  another  and  so  pro- 
duce a  sort  of  rotating  field.  All  these  phase-splitting  devices 
produce  an  elliptical  rotating  field.  Because  of  the  character- 
istics of  the  field  combined  with  the  squirrel-cage  characteristics 
of  the  rotor,  the  resulting  torque  is 
barely  sufficient  to  start  the  motor, 
even  without  load. 

The  shaded-pole  Tnethod  is  shown  in 
Fig.  277.  A  short-circuited  coil  of  low 
resistance  is  connected  around  one 
pole  tip.  When  the  flux  is  increasing 
in  the  pole  a  portion  of  the  flux  at- 
tempts to  pass  down  through  thin  J 
shaded  tip.  This  flux  induces  a  cuiH^ 
rent  in  the  coil  which  by  Lenz's  law 
to  oppose  the  flux  entering  the 
coil.  Hence,  at  first  the  greater  portion  of  the  flux  pa^cs 
down  the  right-hand  side  of  the  pole,  as  shown  in  Fig.  277. 
Ultimately,  however,  the  main  fiux  reaches  it«  maximum  value, 
where  its  rate  of  change  ia  zero.  The  opposing  eraf.  in  the 
shading  coil  then  becomes  zero,  and  later  the  opposing  miaf.  ■ 
of  the  short-circuited  coil  ceases,  the  current  in  this  co3'B 
lagging  its  emf.  Considerable  flux  then  penetrates  the  short-4 
circuited  coU,  After  the  main  flux  begins  to  decrease,  the 
induced  current  in  the  shading  coil  trends  to  prevent  the  flux 
then  existing  in  the  shatled  portion  of  the  pole  tip  from  decreas- 
ing. Therefore,  the  flux  first  reaches  its  maximum  value  at  the 
right-hand  or  non-shaded  side  of  the  pole,  and  later  reaches  its 
maximum  at  the  left-hand  or  shaded  aide.  The  effect  of  the 
shading  coil  is  to  retard  in  time-phase  a  portion  of  the  flux,  bo 
that  there  is  a  sweeping  of  the  flux  across  the  pole  face  from  the 
right-hand  to  the  left-hand  aide  in  the  direction  of  the  shading 
coO.     This  flux  cutting  the  rotor  conductors  induces  currents, 


is   in   such   a   direction  ; 


SINGLE-PHASE  AfOTORS 


299 


^Viich  in  turn  produce  a  torque  sufficient  to  start  the  motor. 

^he  shaded  pole,  is  not  a  common  method  of  starting  single-phase 

*Dduction  motors  and  is  used  only  in  motors  of  very  small  size. 

It  will  be  remembered  that  this  same  ahaded-pole  principle  ia 


(b)  — Wagner  single  phase  induct 


used   as  the  light-load  adjustment  in  the  induction  watthour 
meter  (see  page  64). 

The  preceding  methods  of  starting  the  single-phase  induction 
jHlotor  produce  very  weak  starting  torques  which  are  insufficient 
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to  start  the  motor  except  under  the  lightest  loads.  The  Wagner 
Single-Phase  Induction  Motor  starts  as  a  repulsion  motor  and 
has  a  large  starting  torque.  A  cross-section  of  the  motor  and  a 
view  of  the  armature  are  shown  in  Fig.  278.  The  armature  is 
similar  to  the  type  used  in  the  ordinary  direct-current  motor, 
except  that  the  brushes  J  press  on  the  end  of  the  commutator  L 
rather  than  radially  on  its  surface.  These  brushes  are  shorts 
circuited  on  themselves  and  are  set  in  a  position  corresponding 
to  those  in  Fig.  266  or  Fig.  267,  pages  290  and  291,  so  that  the 
motor  starts  as  a  repulsion  motor.  It  has  a  large  starting 
torque  and  comes  up  to  speed  rapidly.  As  it  approaches  syn- 
chronism, a  centrifugal  device  F,  Fig.  278  {h),  is  thrown  outward 
and  pushes  the  brushes  away  from  the  commutator,  while  at  the 
same  time  a  metal  ring  K  presses  against  the  commutator  bars 
on  the  inside  and  short-circuits  them.  The  motor  now  operates 
as  a  single-phase  induction  motor. 

120.  The  Induction  Motor  as  a  Phase  Converter.^ — If  a 
three-phase  induction  motor  be  operated  single-phase,  as  shown 
in  Fig.  279,  three-phase  voltages  exist  across  its  three  terminals. 
The  reason  for  this  is  as  follows: 

The  back  emf .  in  each 
phase  of  a  polyphase 
induction  motor  is  in- 
duced by  the  rotating 
field  cutting  the  atator 
conductors.  Ifthestator 
is  wound  for  two-phase, 
the  induced  emfa.  at 
stator  terminals  areti 
phase;  if  the  stator 
"""'"  wound  for  three-phase, 

the  induced  emfs,  at  the  stator  terminals  are  three-phase.  The 
induced  emf,  in  each  phase  of  a  polyphase  induction  motor  ia 
slightly  less  than  the  terminal  voltage  (per  phase)  by  the  amount 
of  the  stator  impedance  drop. 

It  was  shown  in  Par.  117,  page  294,  that  in  a  single-phase  ii 
duction  motor,  a  rotating  field  exists.     At  small  values  of  s 
this  field  departs  but  slightly  from  a  true  rotating  field  siwh  asfl 
produced  by  polyphase  currents  in  polyphase  windings.     Ther 


Fio.  279. — Method  of  obtaining  S-phase  power 
from  single-phase  supply,  by  means  of  aijuirrel- 
ORge  induction  motor  operating  as  phose-con- 
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fore,  when  a  single-phase  voltage  is  applied  to  one  phase  of  a 
two-phase  or  of  a  three-phase  motor,  the  rotating  field  is  almost 
identical  with  that  which  exists  when  polyphase  voltages  are 
applied  to  the  terminals.  Consequently,  if  a  single-phase 
voltage  be  apphed  to  one  phase  of  a  two-phase  stator,  a  quadra- 
ture emf.  exists  across  the  terminals  of  the  other  phase.  If  a 
single-phase  voltage  be  applied  across  one  phase  of  a  three-phase 
stator,  the  voltages  across  the  three  terminals  will  very  nearly 
equal  one  another  and  will  be  approximately  120°  apart.  As 
the  induced  emfs.  are  less  than  the  applied  terminal  votlage  by 
the  amount  of  the  stator  impedance  drop  and  as  the  rotating 
field  is  somewhat  elliptical,  the  terminal  voltages  will  not  be 
exactly  balanced.  For  example,  in  Fig.  279,  220-voIts,  single- 
phase,  is  applied  across  one  phase  of  a  three-phase  motor,  and 
voltages  of  approximately  210  volts  and  200  volts  are  found  to 
exist  across  the  other  two  phases. 

Polyphase  induction  motors  are  often  used  in  this  manner  to 
produce  polyphase  voltages  from  single-phase  supply.  That 
is,  single-phase  voltage  is  supplied  to  one  phase  of  the  poly- 
phase stator  and  polyphase  voltages  are  obtained  from  the 
stator  terminals.  When  so  used  the  motor  is  called  a  phase 
converter. 

The  phase  converter  is  used  to  some  extent  in  railway  electri- 
fication. Although  the  three-phase  induction  motor  is  adapted  to 
railway  work,  there  is  considerable  disadvantage  in  using  the  two 
trolleys  which  are  required  if  three-phase  power  is  to  be  supplied 
to  the  locomotive.  By  using  a  phase  converter,  the  advantages 
of  the  throe-phase  motor  for  driving  may  be  secured  and  at  the 
same  time  all  the  advantages  of  a  single  trolley  are  retained. 
The  phase  converter  receives  single-phase  power,  which  is  pulsate 
iog,  and  delivers  three-phase  power,  which  is  substantially 
steady.  This  is  made  possible  by  the  kinetic  energy  stored 
in  the  rotating  armature  of  the  phase  converter,  this  enen^y 
supplying  the  power  during  those  times  when  the  single-phase 
power  is  negative  or  is  less  than  the  average  value  of  the  poly- 
phase power.  The  armature  accelerates  and  so  stores  kinetic 
energy  during  the  periods  when  the  single-phase  power  exceeds 
the  average  power.  The  armature  slows  down  and  so  gives 
up  some  of  its  kinetic  energy  during  the  periods  when  the  single- 
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phase  power  is  less  than  the  average  power.     In  practice  the 
actual  speed  variations  of  the  armature  are  slight. 

The  electric  locomotives  of  the  Norfolk  and  Western  Railway 
are  operated  by  the  use  of  a  phase  converter.  A  two-phase 
converter  is  used,  as  only  half  the  power  need  be  converted  under 
these  conditions,  the  other  half  flowing  conductively  from  the 
transformer  secondary  to  the  motors.  The  power  is  received 
single-phase  from  an  11, 000- volt  trolley  and  stepped  down  by  a 
transformer  on  the  locomotive.    Special  transformer  taps  are 
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FiQ.  280. — Connections  of  locomotive  phase  converter. 

used  to  keep  the  phases  balanced.  The  general  diagram  of 
connections  is  shown  in  Fig.  280.  It  will  be  recognized  that  the 
converter  and  transformer  connection  is  equivalent  to  a  T- 
connection.  This  is  used  in  order  that  three-phase  power  may 
be  obtained  by  supplying  single-phase  power  to  the  two-phase 
stator  of  the  converter.  The  phase  ab  to  the  driving  motors  is 
supplied  directly  from  the  transformer.  The  winding  a'6'V, 
tapped  to  winding  ab,  is  the  main  winding  of  the  phase  converter 
fsee  Fig.  207,  page  217).  The  winding  c'c'^c  is  the  teaser  winding 
^'-'^  transformer  at  c',  giving  the  third  wire  c  of  the 
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three-phase  aystem.  Ordinarily,  the  teaser  winding  would  be 
tapped  to  point  b",  the  center  of  the  main  converter  winding. 
For  convenience,  however,  the  teaser  winding  is  tapped  to  point 
c",  tile  center  of  the  transformer  winding  instead.  Under  balanced 
conditions,  however,  c'  and  b"  are  at  practically  the  same  poten- 
tial, 80  that  as  far  as  voltages  are  concerned,  connecting  the 
teaser  winding  to  c'  is  equivalent  to  connecting  it  to  b". 

121.  The  Repulsion-induction  {R  I)  Motor. — Thia  motor  is 
lilar  in  principle  to  the  simple  repulsion  motor  of  Fig.  268, 


PiQ.  281.— Genera)  Elei 
ir  with  indei 
peDBating  circiiiC. 

page  291,  except  that  a  compensating  winding  is  used,  supplied  by 
auxiliary  brushes  at  right  angles  to  the  main  brushes,  as  shown  in 
Fig,  281,  To  reverse  the  motor,  an  auxiliary  winding  be  is 
used,  Fig.  282,  at  right  angles  to  the  main  winding.  The  points 
b  and  c  are  interchanged  for  reversing.  ThLs  motor  has  a  starting 
torque  of  from  200  to  250  per  cent,  full-load  torque  and  has  a 
loping   specil   chiiracteriatic  similar  to  that  of  a  compound, 


304 


ALTERNATING  CURRHNTS 


direct-current  motor.     By  using  a  transformer  and  by  shifting 
the  brushes,  considerable  speed  variation  may  be  obtained. 

122.  The  Wagner  Type  B  K,  Unity  Power-factor  Motor. — 
The  Wagner  Electric  Co,  has  placed  on  the  market  a  single-phase 
motor  which  has  a  leading  power-factor  up  to  about  half  load, 
while  for  greater  loads,  the  power-factor  is  ahmost  unity.  Tbe 
motor  is  a  constant-speed  motor,  the  regulation  being  from  1.5 
to  4  per  cent.  There  are  two  windings  on  the  motor  armature, 
as  is  indicated  by  the  slot  section  in  Fig.  283  {b).  The  upper 
winding  is  an  ordinary  drum  winding  connected  to  a  commutator. 
Beneath  this  is  a  squirrel-cage  winding  separated  from  the  other 
by  a  magnetic  separator  consisting  of  a  steel  wedge. 


FiQ.  283.— The  Wagner  Electric  Co. 'a  unity  power-factor,  type  BK 


The  diagram  of  connections  is  shown  in  Fig.  283  (o) ;  1  is  the 
main  winding  and  2  the  compensating  winding.  When  the 
motor  starts,  the  switch  9  is  open  and  as  the  squirrel  cage  has 
little  effect  at  starting,  due  to  the  screening  effect  of  the  magnetic 
wedges,  the  motor  starts  as  a  series  motor.  As  it  approaches 
synchronism,  the  squirrel  cage  has  more  and  more  effect.  As 
synchronism  is  approached,  switch  9  closes  by  centrifugal  action 
and  throws  in  the  compensating  winding.  Tho  manufacturere 
claim  many  advantages  for  this  type  of  motor,  such  as  high 
power-factor,  constant  speed,  light  service  required  of  the  com- 
mutator because  of  the  assistance  of  the  squirrel  cage,  suppres- 
sion of  short-circuit  coil  currents  due  to  the  proximity  of  the 
squirrel  cage,  etc. 


CHAPTER  X 
THE  SYNCHRONOUS  MOTOR 


123.  The  Synchronous  Motor. — It  wil!  be  remembered  that 
the  direct-curreot  generator  operates  satisfactorily  as  a  motor. 
Moreover,  there  is  practically  no  difference  in  the  construction 
of  the  direct-current  generator  and  the  direct-current  motor, 
and  there  is  no  substantial  difference  in  the  rating  of  a  machine 
whether  it  is  operated  as  motor  or  as  generator. 

Similarly,  an  alternator  will  operate  as  a  motor  without  any 
changes  being  made  in  its  construction.  When  so  operated,  the 
machine  is  called  a  synchronous  motor. 

The  design  of  a  synchronous  motor  and  of  an  alternator,  each 
of  the  same  rating  and  speed,  may  differ  somewhat  in  details 
owing  to  the  desirability  of  securing  the  best  operating  character^ 
istics  for  each.  Moreover,  synchronous  motors  are  almost 
always  salient-pole  machines,  whereas  alternators  may  be  either 
of  the  salient-pole  or  of  the  non-salient-pole  type. 

124.  Principles  of  Operation. — Figure  284  shows  a  conductor  a 
under  a  north  pole  and  carrying  a  current  flowing  towards  the 
observer.  By  the  well-known  law  of  motor  action,  a  torque 
develops  tending  to  drive  the  conductor  from  left  to  right.  If 
the  current  be  alternating, 
it  will  reverse  its  direc- 
tion for  the  next  half-cycle 
and  the  torque  then  acts 
from  right  to  left.  There- 
fore, the  net  torque  over 
any  given  number  of  com- 
plete cycles  is  zero  and  no  continuous  motion  can  result.  This 
is  the  condition  existing  in  a  synchronous  motor  when  at  stand- 
still. The  armature  conductors  carry  alternating  current  and 
the  poles  have  fixed  polarity,  being  excited  with  direct  current. 
Therefore,  the  synchronous  motor,  as  such,  develops  no  starting 
torque. 


Fto.  284. — Torque  developed  by  Byachron 
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If,  however,  conductor  a  can  in  some  manner  be  brought  under 

the  next  pole,  which  is  a  south  pole,  for  the  half-cycle  during 

which  the  current  is  in  the  reverse  direction,  the  resulting  torque 

will  still  be  from  left  to  right  and  a  tendency  toward  continuous 

motion  will  result.     Therefore,  in  a  synchronous  motor  a  given 

conductor  must  move  from  one  pole  to  the  next  in  each  half -cycle, 

if  the  machine  is  to  operate  continuously.     This  applies  to  the 

rotating-armature  type  of  machine.     If  the  machine  is  of  the 

rotating-field  type,  any  given  conductor  must  be  passed  by  one 

pole  every  half -cycle.     In  any  event  the  synchronous  motor  must 

operate  at  constant  speed,  if  the  frequency  is  constant.     There 

may  be  momentary  fluctuations  of  speed,  but  if  the  average  speed 

differs  by  even  a  small  amount  from  this  constant  value,  the 

average  torque  will  ultimately  become  zero  and  the  motor  will 

come  to  a  standstill.     The  relation  of  speed,  number  of  poles 

and  frequency  is  the  same  as  for  the  alternator  and  for  the  rotating 

120/ 
field  of  the  induction  motor.     That  is,  the  speed  S  =    p    r.p.m., 

where  /  is  the  frequency  and  P  the  number  of  poles  (see  Pars. 
3  and  101,  pages  7  and  235). 

Example. — A  500-kv-a.,  2,300-volt,  10-pole  synchronous  motor  operates 
on  a  60-cycle  three-phase  system.     What  is  its  speed? 

„      120  X  60     ^^^ 

S  = =  720  r.p.m.  Ans. 

10 

126.  Effect  of  Loading  the  S3mchronous  Motor. — If  a  load 

be  applied  to  a  direct-current  shunt  motor,  the  speed  is  slightly 
decreased.  This  reduces  the  back  emf.,  —E.  The  line  must 
supply  a  voltage  +-B,  equal  and  opposite  to  the  back  emf.  -E 
and  in  addition,  must  supply  the  voltage  necessary  to  overcome 
the  IRa  drop  in  the  armature. 
That  is, 

V  ^E  +  IRa 

where  V  is  the  fixed  terminal  voltage,  /  the  armature  current 

and  Ra  the  armature  resistance. 

The  current 

V  +  (-E)       V-E 


I  = 


Ra  Ri 
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When  the  back  emf.  —E  decreases,  more  current  /  flows  into 
the  armature.  This  increased  current  supplies  the  extra  torque 
and  power  required  by  the  increased  load. 

When  load  is  applied  to  a  synchronous  motor,  its  average  speed 
cannot  decrease  since  the  motor  must  operate  at  constant  speed. 


Botation  ^ 
and 
Motor 
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Torque 


—E 


—E-^ 


2L:^V=E 
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E' 
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Fig.  285. — Effect  of  load  on  phase  of  induced  emf.  in  synchronous  motor. 

It  cannot  draw  the  increased  current  from  the  line  in  the  same 
manner  that  the  shunt  motor  does,  that  is  by  operating  at 
decreased  speed.  Figure  285  (a)  shows  two  poles  of  a  rotating- 
field  type  of  synchronous  motor.  Neglecting  any  flux  distor- 
tion, the  emf.  induced  in  conductor  a  is  a  maximum  when 
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conductor  a  ia  opposite  the  center  of  a  pole.  It  ia  zero  when  the 
pole  reaches  such  a  position  that  conductor  a  hes  midway  be- 
tween the  poles.  The  value  of  this  emf .,  e,  for  any  poaition  of  the 
pole  axis  Y-Y,  is  shown  by  curve  e. 

Assume  that  a  load  is  now  applied  to  the  motor  shaft.  This 
must  result,  in  momentary  slowing  down  of  the  rotor,  since  it 
requires  time  for  a  motor  to  take  increased  power  from  the  line. 
Therefore,  the  rotor  instead  of  being  in  the  position  shown  by  the 
solid  lines  in  Fig,  285  (o)  will  occupy  a  given  position  in  spa^e 
at  a  later  time  on  account  of  the  effect  of  the  load  torque.  The 
relations  under  this  condition  are  shown  by  the  dotted  lines. 
Because  of  the  application  of  load,  the  pole  center  is  now  at  Y'Y' 
instead  of  being  at  YY.  Therefore,  the  induced  emf.  will  not 
reach  its  maximum  value  at  the  same  instant  that  it  would  have 
reached  it  had  no  load  been  applied.  Thia  maximum  value 
now  occura  later  in  time,  due  to  the  alight  backward  angular 
displacement  of  the  rotor.  This  is  shown  by  a  new  curve  of 
induced  emf.,  e',  lagging  e  by  an  angle  a  where  e  is  the  emf.  which 
would  have  been  induced  had  no  load  been  applied  to  the  rotor 
shaft. 

This  is  further  illustrated  by  the  use  of  vectors.  Assume  that 
the  motor  is  running  without  load  and  that  the  current  is  bo 
small  that  the  back  emf.,  —E,  Fig.  285  (6),  is  sensibly  equal  to 
the  terminal  voltage  V  and  ia  180°  out  of  phase  with  V.  {E 
the  component  of  the  terminal  voltage  necessary  to  balani 
the  back  emf.,  —E).  The  vector  sum  of  V  and  ~E  is 
practically. 

Now  apply  load.     The  terminal  voltage  V  ia  assumed  to 
constant  and  so  ia  not  affected  by  the  load.     The  induced 
back  emf.,  —E,  will  be  shifted  backward  by  an  angle  a  because 
of  the  backward  angular  displacement  of  the  rotor  caused  by 
the  load.     Let  this  new  value  of  back  emf.  be  —E'  and  let  the 
component  of  terminal  voltage  necessary  to  balance  it  be  £'. 
The  vector  sum  of  V  and  —E'  ia  no  longer  zero.     Therefore, 
vector  difference  exists  between  V  and  E'. 

In  the  direct- current  motor,  the  armature  current  is  given 
dividing  the  armature  resistance  into  the  difference  between  tbiW 
terminal  voltage  and  that  component  of  the  terminal  voltage 
which  balances  the  back  emf.  —E.    In  the  synchronous  motor, 
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the  armature  current  is  given  by  dividing  the  armature  imped- 
ance Z  into  the  vector  difference  between  the  terminal  voltage 
V  and  the  emf.  E'. 

That  is  /  =  ^-^  =  I"  (71) 

Where  E„  is  the  vector  difference  of  V  and  E'. 

Therefore  B„  =  IZ. 

The  above  equation  for  the  armature  current  in  the  synchro- 
nous motor  is  similar  to  the  equation  for  the  armature  current 
in  the  direct-current  motor  (see  VoJ.  1,  page  317,  eq.  109). 

As  a  rule  the  reactance  of  the  armature  of  a  synchronous  ma- 
chine is  high  as  compared  with  its  resistance,  and  the  current  / 
lags  the  voltage  Bo  which  produces  it  by  nearly  90°.  This  brings 
the  current  /  very  nearly  in  phase  with  E'  and  nearly  180°  from 
the  back  emf.  —E'.  Therefore,  I  is  largely  energy  current  with 
respect  to  —E',  which  means  that  it  supplies  considerable  internal 
power  to  the  motor. 

/The  rotor,  by  shifting  its  phase  backward  when  load  is  applied, 
causes  the  motor  to  take  an  energy  current  from  the  line  which  sup- 
plies the  power  demanded  by  the  increased  load. 
The  total  power  supplied  to  the  motor  per  phase  is 

tP  =  VI  cos  6 
The  total  mechanical  power  developed  is 
P'  =  E'l  cos  (e  -I-  a) 
The  net  power  at  the  pulley  is  leas  than  P'  by  the  amount  of  the 
ctional  losses  and  the  rotational  core  losses. 
The  difference  between  P  and  P'  is  the  armature  copper  loss. 
It  should  be  remembered  that  the  average  motor  speed  remains 
constant.     The  rotor  merely  takes  an  angular  position  slightly 
back  of  its  no  load  position,  without  altering  its  average  speed. 
This  angular  displacement  of  the  rotor  may  be  observed  by 
means  of  a  stroboscope  (see  pa.ge  274), 

126.  Effect  of  Increasing  the  Field  Ercitation.— When  the 
field  of  a  direct- current  shunt  motor  is  strengthened,  there  is  a 
temporary  increase  in  the  armature  induced  emf.  This  decreases 
the  armature  current  and  the  torque  is  lowered,  since  the  change 
in  armature  current  is  much  greater  than  the  corresponding 
change  in  the  field.     As  a  result,  the  motor  slows  down  and  its 
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magnitude  tfllH 


back  electromotive  force  accordingly  decreases.     The  i 
current  then  increases  until  it  is  again  of  sufficient  magnitude  tl 
enable  the  motor  to  carry  the  load. 

When  the  field  of  a  synchronous  motor  is  increased,  the  motor 
cannot  slow  down,  except  momentarily,  for  it  must  run  at  con- 
stant average  speed.  Since  its  speed  is  constant,  its  back  emf. 
must  increase  when  the  field  is  strengthened.  It  might  seem 
then  that  the  motor  would  stop,  for  its  induced  emf.  must 
apparently  become  greater  than  its  terminal  voltage.  In  the 
direct^current  motor,  an  induced  electromotive  force  exceeding 
the  terminal  voltage  would  mean  generator  action  with  the  re- 
sult that  the  machine  would  cease  to  operate  as  a  motor. 
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motor  and  in  generator. 


The  synchronous  motor,  however,  may  operate  as  a  motor 
at  the  same  time  its  back  emf.  may  exceed  its  terminal  veil 
in  magnitude.     Under  these  conditions,  the  motor  is  said  to  be 
over-exdled.     Two  reactions  occur  which  enable  the  motor  to 
operate  with  an  over-excited  field.     First,  the  motor  takes 
leading  current.     A  leading  current  in  a  motor  corresponds 
lagging  current  in  a  generator.     This  is  illustrated  by  Fig. 
A  current  /  is  shown  lagging  the  induced  emf.  —E  by  90' 
current  /  is  lagging  with  respect  to  both  the  induced  e; 
the  generator  terminal  voltage  and  is  therefore  a  lagging  cmi 
if  the  machine  is  considered  as  a  generator.     Such 
weakens  the  field  through  the  effect  of  armature  reaction  (( 
Par.  63,  page  134). 

When  the  machine  is  considered  as  a  motor,  the  emf. 
which  is  the  component  of  the  terminal  voltage  that  balances 
~E,  is  opposite  and  equal  to  the  induced  emf.,  —  E.  The  termi- 
nal voltage  F„  differs  from  E  only  by  the  armature  impedani 


DM 
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drop.  Therefore,  the  current  /  ia  leading  with  respect  to  the 
terminal  voltage  of  the  motor.  It  follows  then  that  a  current 
which  ia  laggiag  when  a  machine  is  considered  from  the  point  of 
view  of  a  generator,  is  leading  when  the  same'  machine  is  con- 
sidered from  the  point  of  view  of  a  motor.  In  a  generator  a 
lagging  current  weakens  the  field.  Consequently,  in  a  motor  a 
leading  current  must  weaken  the  field. 

This  is  further  illustrated 
as  follows :  Figure. 287 
shows  a  motor  coil  moving 
from  left  to  right.  When 
its  axis  is  in  the  position  Y, 
shown  dotted,  the  coil  sides 
are  under  the  centers  of  > 
the  poles  and  the  induced 
emf.  is  a  maximum.  As 
the  terminal  voltage  is 
substantially  180°  from  the  induced  emf.,  it  also  will  be  a 
maximum  at  this  instant,  its  direction  being  indicated  in  the 
dotted  coil.  If  the  current  leads  this  terminal  voltage  by  90° 
it  will  reach  its  maximum  value  one  fourth  of  a  cycle  ahead  of 
the  voltage,  or  at  a  time  when  the  axis  of  the  coil  is  in  position 
X.  It  wilt  be  observed  that  for  this  position  of  the  axis,  the 
ampere-turns  of  the  coil  act  in  direct  opposition  to  those  of  the 
N-pole.  Therefore,  the  effect  of  the  leading  cui-rent  in  the 
synchronous  motor  is  to  weaken 
the  field.  In  other  words,  the  arma- 
ture reaction  tends  to  annul  the  effect 
of  the  increased  field  current  on  over- 
excitation. 

The  second  effect  is  illustrated 


Pia.    ass.  —  Induced     i .v  ,. 

viritaee  greater  than  terminal  volt-  by  the  vectoF  diagram  m  Fig.  288. 
™t  7^ds  te^'^kiTuTta^'e"*"^  ""'  ^  ^  ^^^  terminal  voltage  and  / 
is  the  armature  current  leading  V 
by  an  angle  B.  The  resistance  drop  in  the  armature  is  laid  off 
in  phase  with  the  current  /  and  the  IX  drop  in  the  armature 
is  laid  off  at  right  angles  to  the  current  /  and  leading,  in  the 
usual  manner.  The  impedance  drop  IZ  is  the  vector  sum  of  IR 
and  IX.  The  voltage  E,  necessary  to  balance  the  back  emf.,  ia 
found  by  subtracting  IZ  vectorially  from  V,  just  as  in  the  shunt 
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motor  the  component  of  termiiiai  voltage  which  is  neceeaary  ^^ 
balance  the  back  emf .  is  found  by  subtracting  the  IR  drop  froUi 
the  terminal  voltage. 

To  subtract  IZ  from  V,  —IZ  is  added  to  V,  It  will  be  noted 
that  the  emf.  E  is  numerically  greater  than  the  terminal 
voltage  V.  That  is,  by  taking  a  leading  current,  the  synchronous 
motor  is  able  to  operate  with  an  induced  emf.  greater  numerically 
than  the  terminal  voltage.  This  is  analogous  to  the  alternator 
delivering  leading  current  with  its  induced  emf.  less  than  its 
terminal  voltage.  In  each  case  the  flow  of  power  is  towards  the 
higher  voltage. 

127.  Effect  of  Decreasing  the  Field  Excitation.— When  the 
field  of  a  direct-current  shunt  motor  is  weakened,  the  motor 
speeds  up  until  its  back  emf,  reaches  a  value  which  gives  the 
proper  armature  current  for  the  particular  load  condition. 


Fig.  289. —  Magnetiiing  efTeRt  of  lagREng  current  on  the  poles  at  a 


When  the  field  of  a  synchronous  motor  is  weakened,  it  oanool 
sj)eed  up  permanently  for  it  must  run  at  a  constant  average 
speed.  However,  it  takes  a  lagging  current.  This  current  hsB 
two  effects. 

Figure  289  shows  a  coil,  dotted,  whose  axis  is  in  position  l"- 
In  this  position  the  coil  sides  are  opposite  the  centers  of  the  pole 
faces  and  the  back  emf.  is  therefore  a  maximum.  The  terminil 
voltage,  which  is  nearly  180°  from  the  backemf.,  has  its  maximum 
value  also  for  this  position  of  the  coil,  its  direction  being  indi- 
cated in  the  dotted  coil.  If  the  current  ia  lagging  the  terminal 
voltage  by  90°,  it  will  not  reach  its  maximum  value  until  the 
coil  axis  reaches  position  X.  The  current  under  these  conditions 
"  in  such  a  direction  as  to  strengthen  the  S-poIe.  Therefore, 
a  synchronous  motor  a  lagging  current  strengthens  the 
d  through  the  effect  of  armature  reaction.     When  the  field 
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of  a  synchronoos  mccor  hi  vetLkc^njeii.  zh*^  zioccr  :;ik'e$  dk  AZt^.tif 

current  whiA  jArm^tft^PTu  tjui  juid  yj  ^:r7u:^v^v  'ronxii/n  j^fui  umdit 

to  annul  the  effeti  ^  tke  ^tKucerf/iruj  jf  m  ^-wui.     A  '•My'^g  v:urrt*QC 

when  a  Tnarhhip  optokzais  as  i  moror  Ls  :i  LeA.::-g  oiirrva?  whea  :he 

machine  is  cmndsed  as  owntinjE  a^  a  d?r=L«>r^:or.     I:  wilt  be 

remembered  that  a  leariizi^  eurrezit  iz.  a  c^nerjk^or  scrvcdcthecij^ 

the  field  thiDa^  tht  effect  of  armitiir^  rviiotion    <i?e  l>ir.  <e\J. 

page  135).    That  is,  a  lAgging  cumrnt  in  a  motor  his  :he  $5iaxe 

effect  on  the  magnetic  field  as  a  teaiiing  curr^n:  in  :i  c^'r.^'r:jk:or. 

A  synchroDons  motor  Tiii»ier  any  given  owririr^  v.vr.vii:io£tej^ 
requires  a  certain  excitation.  I:  it5  deLi  l>  wv'aken^'vi.  i::?  ewrtrsv- 
tion  becomes  inadequate.  This  dedoit  is  in  ivir:  ni^dt*  u^>  b> 
the  motor  taking  a  I^Fyy^y  curren:  from  the  line.  A  lA^iti^ 
current  is  ordinarily  aesociateil  with  induoranvv  Anvi  •h<'rvtVrv* 
with  the  excitation  of  a  magnetic  field.  When  the  iuo:or  t^ket?  a 
lagging  current,  some  of  its  excitation  is  thereforv  obti^intxi  :!\mi 
the  alternating-current  line.  In  this  respect  it  is  siiuiUr  u>  An 
induction  motor  except  that  the  induction  motor  tak^^  .:-"  its^ 
excitation  from  the  altemating-cunvnt  lit\e.  This  U^i;\^ 
current  required  by  the  sjiichronous  motor  to  help  oxoito  its^ 
own  field  weakens  the  field  of  the  alternators  supplying  i^  aiut 
as  a  result  their  field  excitation  must  bo  inon\\jk\l  lo  niaiutait\ 
the  line  voltage.  Therefore,  when  the  field  of  a  synohrvMious 
motor  is  weakened,  a  part  of  the  excitation  whioh  ii  rt\)\urt\5 
is  supplied  indirectly  by  the  fields 
of  the  alternators  supph-ing  the 
system. 

On  the  other  hand,  when  a  sjti- 
chronous  motor  is  over-excited  it 
has    a    surplus    of    excitation.     It 

takes  a  leading  current.     As  a  lead-    voltage  lo!«s  th»u  tonuiunl  \ oltniio 
mg    current  will  neutralize  a  por-    when  synoimnxou*  motor  oumnu 

^^*  ,  ^  leads  tonnimil  voltai^v 

tion    of    the    lagging  .current    of 

inductive  apparatus  (see  Par.  131,  page  322)  oonnootod  to 
the  system,  or  else  will  strengthen  the  fields  of  tho  generator?* 
supplying  the  system,  the  sjTichronous  motor  unilor  thost^  eiui- 
ditions  indirectly  supplies  excitation  to  other  parts  of  tht^  system. 
Figure  290  shows  the  vector  diagram  when  tlio  motor  takt^s 
lagging  current.     The  IR  and  the  IX  drops  aw  laid  off  with 
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reference  to  the  current  in  the  usual  manner  and  the  IZ  dropj 
obtained.     When   —IZ  is  added  to   V,  however,  E,  which  f 
opposite  and  equal  to  the  back  eraf.,  becomes  numerically  r 
leas  than  V.     That  is,  the  phaae  shift  of  the  IZ  drop  is  in  bu 
direction  that  the  machine  runs  as  a  motor  with  a  very  considei^ 
ably  reduced  back  emf . 

The  synchronous  motor  with  salient  poles  will  usually  operati 
even  if  the  field  current  is  reduced  to  zero.  The  altematini 
current  in  the  stator  winding  will  produce  a  rotating  field,  just  a 
in  the  induction  motor.  Figure  291  shows  such  a  rotating  field 
for  a  four-pole  machine  without  a  rotor.  At  the  particular 
instant  shown  there  are  two  N-poles  vertically  opposite,  and  two 
S-polo3  horizontally  opposite.     If  a  four-polcj  salient-pole  roto 


Ik 


without  excitation  be  placed  in  this  field,  the  magnetic  lines  fro 
the  statorwill  attempt  to  make  the  rotor  take  such  a  position  th| 
the  magnetic  reluctance  is  a  minimum  or  the  flux  is  a  maximui 
In  order  to  accomplish  this  result,  the  pole  pieces  of  the  rotor  w 
running  become  locked  in  with  the  poles  produced  by  the  statfl 
winding,  as  shown  in  Fig.  291  (b).    These  rotating  stator  poU 
pull  the  salient  pOles  of  the  rotor  around  with  them  and  in  t 
manner  enable  the  motor  to  carry  a  limited  load  without  dir( 
current   excitation.     Although  the  motor  may  carry  a  limitt 
load    without    any   direct-current    excitation,    its  power^act 
will  be  very  low  and  the  current  will  be  lagging,  which  is  undee 
able.     It  is  to  be  noted  that  under  these  conditions,  in  the  a 
sence  of  direct-current  excitation,  the  motor  takes  its  ent| 
excitation  from  the  alternating-current  lines  in  the  same 
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as  an  induction  motor,  aa  has  already  been  pointed  out.  That 
•   "    '  sufficient  excitation  is  not  supplied  by  the  direct  curient  in 

Piield  winding,  the  motor  will  take  lagging  exciting  current 
1  the  alternating-current  line  to  make  up  the  deficit. 
he  power-factor  of  the  induction  motor  for  a  given  load 
cannot  be  altered  without  changing  the  motor  design  and  the 
ordinary  induction  motor  always  takes  a  lagging  current.  The 
power-factor  of  the  synchronous  motor  can  be  altered  at  will, 
and  the  current  can  be  changed  from  lagging  to  leading  by 
simply  changing  the  field  excitation, 

128.  Synchronous  Motor  V-curves. — If  the  power,  P,  de- 
livered to  a  three-phase  synchronous  motor  bo  kept  constant  and 
the  field  current  //  varied,  the  power-factor  of  the  motor  will 
change.     The  power  for  a  3-phase  motor  is 

P  =  V^VI  cos  d 

.  where  V  is  the  terminal  voltage,  /  the  line  current  and  cos  6  the 
power-factor  of  the  motor.  As  both  P  and  V  are  constant,  any 
decrease  in  the  power-factor  (cos  6)  must  be  accompanied  by  a 
corresponding  increase  in  the  current  /,  Likewise,  any  increase 
in  the  power-factor  must  be  accompanied  by  a  decrease  in  the 
current  /. 

Therefore,a  change  in  the  field  current  at  constant  load  changes 
the  line  or  armature  current  /.  In  order  to  determine  the  rela- 
tion between  the  field  current  and  the  armature  current  and  also 
the  characteristics  of  a  synchronous  motor  as  regards  its  abihty 
to  correct  the  power-factor  of  a  system,  the  so-called  V-curves 
of  the  motor  are  obtained.  These  V-curves  show  the  relation 
which  exists  between  the  armature  current  and  the  field  current 
for  different  constant-power  inputs.  Several  curves  are  usually 
obtained,  each  curve  representing  a  constant  value  of  power 
input. 

The  connections  for  making  such  a  teat  are  shown  in  Fig.  292, 
The  field  current  is  varied  by  means  of  the  field  rheostat.  For 
each  value  of  field  current,  as  read  on  the  direct- current  ammeter, 
the  corresponding  value  of  the  alternating  line  current  is  noted. 
The  electrical  power  delivered  to  the  motor  is  kept  constant  by 
adjusting  the  load  applied  to  the  motor  shaft,  A  polyphase 
wattmeter  is  desirable  for  this  experiment,  as  it  eliminates  the 
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adding  or  subtracting  of  individual  instrument  readings  whii 
is  necessary  when  two  single  wattmeters  are  used. 


Field  Bheoitat 


Armatare 
Termintll 


Fig.  292. — Connections  for  obtaining  V-curves  of  sjrnchronous  motor. 


X    FielA 
Current 


} 


FiQ.  293. — V-curves  of  synchronous  motor. 

Figure  293  shows  a  set  of  typical  V-curves.     The  curve  AB  i 
obtained  when  the  motor  is  running  at  very  light  load.     At  ver 
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low  values  of  field  curi'ent,  the  armature  current  is  large  and  is 
lagging.  As  the  field  current  is  increased,  the  power-factor 
increases  and  the  armature  current  decreases  until  it  reaches  its 
minimum  value  /i.  If  the  field  current  be  atill  further  increased, 
the  armature  current  begins  to  increase  and  becomes  leading. 
In  other  words,  the  motor  passes  from  under-excittUion  to  over- 
excitation when  the  field  current  is  increased  from  a  low  to  a  high 
value. 

The  current  /i  is  the  value  of  the  current  at  unity  power-factor. 
This  is  illustrated  in  Fig.  294.     Let  /a  ^ 

t>e  the  value  of  line  current  for  s 
Power-factor,  cos  Bi.     The  power  (for 
One  phase)  is, 

P,  =  V'h  cos  Oi 
"Xrhere  V  is  the  phase  voltage. 

LSut 

f  ih  cos  e^)   =  /i  72) 

*or  all  values  of  63. 

In  other  words,  for  constant  power 
J'l,  /i  is  always  the  energy  component 
^f  the  current  regardless  of  the  powcr- 
Jactor.  Therefore,  the  current  vector 
■will  always  terminate  on  the  lineXX  j 
perpendicular  to  V.  The  current  aynchrQnoua  motor  with  con- 
-  *^  .    .  staut  power  input. 

IS  a  minimum  at  ii,  where  the  cur- 
rent is  in  phase  with  V.  The  power-factor  iathen  unity.  The 
excitation  corresponding  to  the  armature  current  /i  is  called 
the  Thormal  excitation  of  the  motor  for  the  load  in  question.  For 
an  excitation  less  than  the  normal  value,  the  motor  takes  a 
lagging  current  and  is  said  to  be  under-exdted;  for  values  of  the 
excitation  greater  than  the  normal  value  the  motor  takes  a 
leading  current  and  is  said  to  be  over-exdted. 

By  aid  of  the  V-curves,  the  power-factor  for  any  other  value 
of  line  current  and  given  input  may  be  obtained.  For  example, 
assume  that  it  is  desired  to  obtain  the  power-factor  for  some  value 
of  leading  current  It,  Fig.  293.  From  Fig.  294,  the  power-factor 
cos  flj  =  Ii/Ii.  Therefore,  the  power-factor  for  any  current  /, 
may  be  found  by  dividing  the  current  /  into  the  minimum  or 
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normal  value  of  the  line  or  armature  current  h  for  the  giv( 
input  Pi.     The  power  represented  by  curve  AB  is  obvioualy 

for  a  three-phase  motor  having  a  line  voltage  V. 

CD,  Fig.  293,  is  a  V-curve  taken  for  a  value  of  powerPj,  whi) 
is  obviously  greater  than  Pi.  EF  is  a  third  curve  taken  for 
still  greater  value  of  power,  P3.  A  curve  drawn  through 
lowest  points  of  the  V-curvea  ia  a  unity  power-factor  cui 
Curves  XX  and  XY,  drawn  through  the  V-curves  at  the  pro] 
points  are  0.8  power-factor  curves,  XX  being  for  lagging  curre: 
and  XY  for  leading  current.  Curves  for  other  power-factoi 
may  also  be  found  in  a  similar  manner.  These  curves  are  call* 
cowpounding  curves. 

It  should  be  noted  that  the  noiiiial  field  current  varies  wit 
the  value  of  power  input  to  the  motor. 

129.  Amortisseur  or  Damper  Windings. — Figure  295  showa 
the  rotating  field  structure  of  a  synchronous  motor,  around  which 
a  aquirrel-cage  winding  is  built.  The  conductors  of  the  squirrel 
cage  are  embedded  in  the  pole  faces  of  the  rotor.  This  winding 
serves  two  purposes. 

It  assists  the  motor  in  starting  and  it  damps  out  any  tendeni 
of  the  rotor  to  oscillate  or  "hunt."  Such  windings  are  calli 
amortisseur  or  damper  windings  or  simply  dampers.  If  the  motor 
is  connected  to  a  system  which  receives  its  power  from  a  recipro- 
cating engine  unit,  there  may  be  pulsations  in  the  supply  fre- 
quency caused  by  the  variable  driving  torque  of  the  engine.  Th6 
synchronous  motor  is  very  sensitive  to  phase  changes,  as  hi 
already  been  shown,  and  small  changes  in  the  phase  of  the  suppi 
voltage  may  produce  considerable  changes  in  the  energy  current 
which  the  motor  takes  from  the  line.  This  produces  pulsations 
in  the  motor  torque.  If  these  pulsations  have  a  frequency  neariy 
equal  to  the  natural  frequency  of  oscillation  of  the  rotor,  they 
may  cause  it  to  oscillate  periodically  about  its  normal  position. 
That  is,  the  rotor  alternately  accelerates  and  retards,  althoi^ 
the  average  speed  does  not  change.  This  is  called  hunting  (1 
Par.  75,  page  171).  These  oscillations  may  become  so  great 
to  cause  the  motor  to  fall  out  of  synchronism. 

Hunting  may  also  be  caused  by  system  disturbances,  such 
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Bwitching,  short-circuits,  etc.,  and  also  by  sudden  clianges  of 
load  on  the  motor  shaft.  Hunting  due  to  such  causes  usually 
dies  out  at  a  rapid  rate,  but  the  first  oscillations  may  be  great 
enough  to  cause  the  motor  to  fall  out  of  synchronism. 

The  action  of  the  damper  winding  involves  the  principle  of 
both  the  induction  motor  and  the  induction  generator.  So  long 
as  the  rotor  is  rotating  at  synchronous  speed,  the  rotating  field 
of  the  armature  or  stator  does  not  cut  the  dampers  and  they  have 


295.— Rotor  of  a  BOO-volt,  fiU-cyclo.  48-Dole  Hj-Dehrijiious  motor  bhowi 
windiug. 


no  effect.  That  is,  the  armature  mmf.  rotates  synchronously 
with  the  field  and  there  is  no  relative  motion  between  the  field  flux 
and  the  dampers.  Assume  that  the  rotor  slows  down  moment- 
arily. For  an  instant  the  rotating  field  due  to  the  armature  mmf. 
is  rotating  faster  than  the  field  structure.  This  is  equivalent  to 
the  rotor  slipping  temporarily,  and  currents  are  induced  in  the 
dampers.  This  is  induction  motor  action  and  the  currents  in 
the  dampers  are  in  such  a  direction  that  they  tend  to  pull  the 
*lotor  back  again  towards  synchronism. 


320  ALTERNATING  CURRENTS 

Again,  if  the  field  poles  for  some  reason  swing  ahead  of  their 
normal  position,  the  dampers  cut  the  rotating  field  in  the  oppo- 
site direction  or  the  slip  becomes  negative,  temporarily.  Induc- 
tion generator  action  follows,  putting  a  load  on  the  rotor  and 
tending  to  slow  it  down.  Therefore,  these  dampers  always  tend 
to  pull  the  motor  back  into  synchronism  and  thus  prevent  hunt- 
ing. Such  windings  are  often  used  on  alternators,  particularly 
of  the  engine-driven  type,  to  prevent  hunting. 
N  130.  Starting  the  Sjmchronous  Motor. — As  has  been  pointed 
out,  the  sy7ichronous  motor  la  not  self -starting.  It  must  first 
be  brought  nearly  or  actually  to  synchronous  speed  before  it 
can  operate.     There  are  several  methods  of  accomplishing  this. 

The  direct-current  exciter  for  the  motor  is  frequently  con- 
nected directly  to  the  motor  shaft.  If  a  direct-current  source  of 
power  is  available,  the  exciter  may  be  operated  as  a  motor  and  ■ 
thus  bring  the  synchronous  motor  up  to  speed.  The  field  of  the 
synchronous  motor  is  then  excited  and  the  motor  synchronizet^ 
just  as  with  an  alternator. 

If  an  exciter  or  sufficient  direct-current  power  is  not  availably 
a  small  induction  motor,  geared  or  direct-connected  to  the  syit 
chronous  motor  shaft,  may  be  used  for  bringing  it  up  to  s] 
If  the  induction  motor  is  direct-connected,  its  synchronous  s| 
must  have  a  higher  value  than  that  of  the  synchronous  motor, 
order  to  compensate  for  the  slip  of  the  starting  motor.  Sud 
starting  motors  are  often  disconnected  mechanically  after 
synchronous  motor  has  been  connected  to  the  line.  The  di 
advantage  of  using  an  induction  motor  is  the  additional  mot 
the  gears  where  used,  etc.  This  method  of  starting  is  prai 
oally  not  used  at  the  present  time. 

The  synchronous  motor  is  often  used  to  drive  a  direct-cui 
generator.     If  sufficient  direct-current  power  is  available,  t 
generator  may  be  used  as  a  motor  to  bring  the  synchronous  mo( 
up  to  speed.     After  the  motor  is  synchronized,  the  field  of  tb 
direct-current  machine  is  strengthened  and  it  then  acts  aa  a 
erator,  taking  mechanical  power  from  the  synchronous  motors 

The  synchronous  motor  may  start  as  an  induction  mot 
First,  the  field  circuit  is  opened.  A  polyphase  alternating  volti 
is  then  impressed  on  its  stator  and  a  rotating  field  is  therefore 
up  about  the  rotor.    As  a  ru\e,  \t  \&  deeicablc  to  use  a  competisatit 
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at  reduced  voltage  is  applied  to  the  stator  windings.  The 
ing  field  seta  up  currents  in  the  pole  faces  of  the  rotor  and 
B  amortisseur  winding  as  well,  if  such  exists.     This  is  obvi- 

induction  motor  action.  As  the  paths  of  the  pole-face 
nts  and  of  the  currents  in  the  dampers  have  considerable 
:tance  (see  Par.  103,  page  237),  only  a  comparatively  weak 
ng  torque  can  be  obtained.  On  starting,  the  rotor  currents 
be  large,  and  the  rotor  frequency  is  that  of  the  stator.     The 

reactance,  which  is  proportional  to  the  rotor  inductance 

0  the  frequency,  is  large.  This  causes  the  rotor  currents  to 
he  induced  emfs.  by  a  considerable  angle  and  hence,  the 

currents  make  considerable  space-angle  with  the  flux  {see 
!28,  page  240).     Therefore  the  motor  develops  little  torque, 

with  considerable  line  current.  The  motor  under  these 
tions  is  very  similar  to  the  squirrel-cage  induction  motor, 

1  has  a  very  small  starting  torque. 

wever,  the  starting  torque,  though  small,  is  usually  suf- 
t  to  start  the  machine,  which  then  accelerates  until  it  is  at  or 
synchronism.  Before  the  compensator  is  thrown  into  the 
ng  position,  the  field  switch  is  usually  closedj  so  as  to  mini- 
disturbances  to  the  system.  If  the  rotor  is  slipping  shghtly,- 
II  usually  pull  into  synchronism  when  the  field  switch  ia 
1,  the  field  poles  locking  in  with  the  poles  produced  by  the 
ture  ramf.,  Fig.  291,  page  314. 

e  motor  may  pull  into  synchronism  before  the  field  circuit 
sed.  The  flux  (see  Fig.  291)  sweeping  by  the  salient  poles 
3  a  leas  and  less  tendency  to  leave  them  as  the  rotor  ap- 
ihes  synchronism,  owing  to  hysteresis.  That  ia,  the  flux 
.  to  persist  in  the  poles  after  the  magnetizing  force  ia  de- 
ad (see  Vol.  I,  page  181,  Fig.  157).  This  action  may  be 
g  enough  to  pull  the  rotor  into  synchronism  before  the  field 
it  is  closed. 

len  the  field  circuit  is  closed,  it  may  excite  the  motor  poles 
it  their  polarity  is  opposite  to  that  produced  by  the  revolv- 
eld,  i.e.,  by  the  armature  reaction  (Fig.  291).  The  rotor  is 
thrown  back  one  pole,  or  in  other  words,  it  slips  a  pole. 
may  cause  considerable  disturbance  to  the  system  and  for 
■eason  the  field  is  usually  closed  when  the  compensator  is 
i  starting  position.     This  difficulty  may  be  a\Q\'i«.»iVi"3  ^.■^ 
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plying  a  weak  direct^current  field  to  the  motor  as  it  approaches 
synchronism.  This  causes  the  armature  reaction  to  act  in  con- 
junction with  the  direct-current  field  windings,  and  the  poles 
then  come  into  synchronism  with  the  same  polarity  as  will  be 
produced  by  the  direct-current  excitation.  After  the  motor  has 
pulled  into  syuchronism,  it  is  necessary  merely  to  strengthen 
the  direct-current  field  to  the  desired  value.  The  starting  com- 
pensator may  then  be  thrown  quickly  into  the  running  position, 

When  voltage  is  first  applied  to  the  synchronous  motoi',  there 
may  be  a  very  high  voltage  induced  in  the  field  winding.  The 
stator  acta  as  the  primary  of  a  transformer,  the  primary  having 
a  comparatively  few  turns.  The  flux  produced  by  the  stator  or 
primary  cuts  the  field  winding  at  synchronous  speed,  and  as  the 
field  has  a  very  large  number  of  turns,  a  very  high  electromotive 
force  is  induced  in  the  field.  This  electromotive  force  may  be 
sufficiently  high  to  puncture  the  field  winding.  Therefore,  the 
field  winding  should  be  insulated  for  voltages  considerably  in 
excess  of  that  which  normal  operation  requires.  The  field  is 
sometimes  short-circuited,  or  is  shunted  by  a  resistance  when 
starting,  in  order  to  decrease  this  high  voltage.  The  induced 
emf.  in  the  field  decreases  as  the  rotor  comes  up  to  speed,  until 
at  synchronism  it  becomes  zero, 

131.  The  Synchronous  Condenser  as  a  Corrector  of  Power- 
factor. — The  fact  that  the  power-factor  of  the  synchronous  motor 
may  be  varied  at  will  makes  it  useful  in  many  installations, 
particularly  in  those  which  operate  at  low  power-factor.  It  will 
be  recalled  that  a  low  power-factor  means  larger  generaton, 
more  transmission  copper,  poorer  regulation,  and  reduced  effi-  j 
ciency.  Factories  and  mills  using  induction-motor  drive  oft«l^ 
have  an  over-all  power-factor  as  low  as  0.5,  which  is  very  undesir- 
able. If  it  is  possible  to  use  a  synchronous-motor  drive  in  any 
part  of  the  installation,  the  motor  may  be  operated  over-excitei! 
and  therefore  will  take  a  leading  current.  This  leading  current 
neutralizes  some  of  the  lagging  current  of  the  system  and  bo 
improves  the  system  power-factor. 

This  is  illustrated  in  Fig.  296  for  single  phase  or  for  one  of 
the  phases  of  a  polyphase  system.  Let  V  be  the  voltage  of  the 
system  and  let  the  total  current  be  /,  lagging  the  voltage  V  by 
an  angle   0\.     It  is  desired  to  obtain  the  size  of  synchronc 
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motor  necessary  to  raise  the  system  power-factor  to  unity.     The 
synchronous  motor  is  to  run  without  load. 

Resolve  the  current  /  into  two  components,  an  energy  compo- 
nent /i  =  /cos  di  and  a  quadrature  component  I3  =  I  sin  81. 
The  energy  current  of  the  synchronous  motor  is  small  compared 
with  its  quadrature  current,  when  the  motor  is  operating  without 
load,  and  is  added  at  right  angles  to  the  quadrature  current. 
Therefore,  in  determining  the  total  current  taken  by  the  syn- 
chronous motor,  this  energy  current  may  be  neglected.  For 
unity  power-factor,  the  motor  current  will  then  be  substantially 
equal  to  the  quadrature  current  /a,  but  leading.     Therefore,  the 


hronona  eondeoeer. 


ilt-amperes  per 


Via.  298. — Raisiug  power-factor 

rating  of  the  synchronous  motor  is  VI,  = 
phase. 

If  it  be  desired  to  raise  the  power-factor  to  some  value  less  than 
unity,  a  smaller  synchronous  motor  can  be  used.  In  practice, 
it  usually  does  not  pay  to  raise  the  power-factor  above  0,9 
or  0.95,  as  little  is  gained  by  any  increase  above  these  vahies. 
Moreover,  these  last  few  per  cent,  of  improvement  in  the  power- 
factor  require  a  much  greater  proportionate  increase  in  motor 
capacity. 

In  Fig.  297  the  load  power-factor  is  cos  0i.  The  load  on  the 
synchronous  motor  is  assumed  to  be  zero  and  its  losses  are 
neglected.  The  load  current  /  is  resolved  into  two  components 
/i  and  h  as  before.  It  is  desired  to  determine  the  size  of  syn- 
chronous motor  necessary  to  raise  the  power-factor  to  cos  6a. 
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The  resultant  current  /o  is  laid  off  So  degrees  behiad  V,  but 
terminating  on  line  I-Ii,  since  the  power  and  hence  the  energy 
current  /i  is  fixed.  The  synchronous-motor  current  7,  has  the 
value,  Fig.  297, 


I.  - 


-  /oS 


-  h 


■  h  sin  ffo  (73) 

s  vector  sum  uf 


It  will  be  noted  that  the  resultant  current  Iq  is  the 
the  load  current  /  and  the  motor  current  /,. 

When  a  synchronous  motor  is  operated  without  load  for  the 
purpose  of  merely  correcting  power-factor,  it  is  called  a  synchron- 
ous condenser.    Such  a  synchronous  condenser  should  not  be 


employed  unless  its  investment  charges  and  cost  of  operation 
arc  considerably  less  than  the  increased  charges  occasioned  by 
the  low  power-factor.  Other  considerations,  such  as  voltage 
control,  however,  are  important.  When  a  user  of  electric  power 
buys  on  either  a  kilowatt-hour  or  a  kilowatt  basis,  a  low  power- 
factor  is  not  detrimental  to  him,  except  possibly  to  increase 
slightly  the  cost  of  his  mains.  This  low  power-factor  is,  how- 
ever, detrimental  to  the  power  company,  which  must  install 
larger  generators,  conductors,  transformers,  etc.  For  this  reason 
many  power  contracts  now  penalize  low  power-factor, 

132.  The  Synchronous  Motor  as  a  Corrector  of  Power-factor. 
The  synchronous  motor  may  correct  the  power-factor  of  A 
system  and  at  the  same  time  deliver  mechanical  power. 


J 
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Assume  in  Fig.  298  that  a  certain  system  takes  /  amperes  at 
a  voltage  V  and  that  the  current  /  lags  V  by  ^t  degrees.  It  ia 
desired  to  raise  the  power-factor  of  the  system  to  unity  by  means 
of  a  synehronouB  motor,  while  at  the  same  time  the  motor  is  to 
supply  mechanical  power  requiring  V  It'  watts  from  the  line. 

The  synchronous  motor  must  first  take  a  quadrature  leading 
current  I3'  in  order  to  counteract  the  lagging  quadrature  cur- 
rent /j  of  the  load. 

I^'  =  h  =  I  sin  9, 

In   addition,  the  synchronous  motor  must   take   an  energy 

current  I/  to  supply  its  losses  and  ^'     r^ 

also  the  power  required  by  its  load. 
The  total  synchronous  motor 
current 

I.  =  VihV  +  ihT  (74) 
and  the  power-factor  of  the  syn- 
chronous motor 

cos  ».  .  'jL  (75) 

Example. — A  certain  machine  a  hop 
takes  200  kw.,  at  0.6  power-factor,  from  Fia,  298.— Raising  power-taotor 
a  600-volt,  three-phase,  60-cycle  system,  to  nnity  by  means  of  s.  loaded 
It  is  desired  to  raise  the  power-tactor  to  »ynehrooouH  motor. 
0.9  by  means  of  a  Bynehronous  motor  which  at  the  same  time  ia  to  drive 
a  direct-current  shunt  generator  requiring  that  the  synchronous  motor 
take  80  kw.  from  the  line.  What  should  be  tfie  rating  of  the  synchronous 
motor  in  voits  and  amperes. 

The  vector  diagram  is  showti  in  Iig    299       Assume  that  the  system  ia 
V-connected.     The  problem  will  be  worked  for  one  phase  only. 
600 


The  voltage  to  neutral,  V  =  —^  =  346  volts. 
The  current  per  phas 


Vs^ 


"  \/3  X  600  X  0,60 


The  energy  current,  Ii  =  1  cos  B 
The  quadrature  current,  Ij  =  I  s 
At  0.9  power-factor,  fl'  =  25.8° 


The  quadrature  component  Ij' 
where  0.436  is  the  sine  of  25.8° 


n  ff  =  214  X  0.436  =  93.3  amp., 
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The  quadrature  current  of  the  synchronous  motor 

lu  =  Is  -  I2'  =  257  -  93.3  =  163.7  amp. 

The  energy  current  of  the  synchronous  motor 

•    80,000      _  -7  n  „„„ 

7=~z — 7^:^  ~  •  7.0  amp. 

VS  X  600  ^ 


lu  = 


►  F=  846  Voitt 


Fig.  299. — Vector  diagram  for  synchronous  motor  which  raises  power-factor  to 

cos  d*  and  at  same  time  supplies  power. 

The  total  synchronous-motor  current 

I.  =  V(l2.)2  +  (Ii.)*  =  V(  163.7) 2  -f  (77.0)2  =  V32;700  =  181  amp. 
The  synchronous  motor  will  then  be  rated  at  600  volts,  181  amperes, 
or  will  have  a  rating  of  188  kilovolt-amperes.  Ans. 

133.  The  S3rnchronous  Motor  as  a  Regulator  of  Voltage.— 

Figure  300  shows  one  phase  of  a  power  system,  which  may  be 

either  a  single-phase  or  a 
polyphase  system.  A  con- 
stant voltage  Vg  is  supplied 
to  the  system  by  a  generator 


R 


X 


Synchronous 
Motor 


FiQ.  300. — Synchronous  motor  taking  power     or  by  a  pOWer  plant.    At  the 
through  resistance  and  reactance  in  series.  •    •  j      ir   j.i_      1- 

receiving  end  of  the  Ime  is 

a  synchronous  motor  whose  terminal  voltage  is  Fn«.     Between 

Vg  and  Vm  are  both  resistance  and  reactance  in  series.     These 

may  be  the  usual  resistance  and  reactance  of  a  transmission  line, 

or  they  may  exist  in  an  impedanee  coil,  having  a  resistance  R 
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and  reactance  X,  inserted  between  the  supply  mains  and  the 
motor  terminals. 

Assume  first  that  the  synchronous  motor  is  under-excited  and 
therefore  taking  a  lagging  current.  Along  the  vector  /,  Fig.  30 1  (a) , 
the  IR  drop  is  laid  off  in  phase  with  /;  at  right  angles  to  / 
and  leading,  the  IX  drop  is  laid  off.  The  vector  sum  of  the  IR 
and  IX  drops  is  equal  to  the  IZ  drop  in  the  line.  Obviously, 
the  motor  voltage  must  be  equal  to  the  generator  voltage  minus 
the  IZ  drop,  vectorially  considered.  Therefore,  IZ  is  reversed 
and  added  to  Vg,  giving  Vm,  the  motor  voltage.  It  will  be  ob- 
served that  nimierically  Vm  is  considerably  less  than  Vg, 

If  the  motor  now  be  over-excited,  /  will  lead  the  voltage  F„. 
By  subtracting  IZ  from  F^,  Fig.  301  (6),  the  motor  voltage  Vm 
becomes  nimierically  greater  than  Vg. 
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(a)  Lagging  current;  motor  voltage        (&)  Leading  current;  motor  voltage 
less  than  generator  voltage.  greater  than  generator  voltage. 

Fio.  301. — BIffect  of  line  impedance  on  synchronous-motor  voltage. 

This  gives  a  method  of  controlling  the  voltage  at  the  end  of  a 

transmission  line.     If  the  voltage  at  the  receiving  end  of  the  line 

tends  to  change  because  of  a  change  in  the  generator  voltage  or 

in  the  line  drop,  it  may  often  be  held  substantially  constant  by 

varying  the  excitation  of  a  synchronous  motor  placed  at  the 

receiving  end  of  the  line.     In  practice,  synchronous  motors  are 

often  installed  for  purposes  of  regulation  only.     At  the  Los 

Angeles  end  of  the  240-mile  Big  Creek  Line,  two  15,000  kv-a. 

BynchronouB  condensers  are  installed,  their  sole  function  being 

to  hold  the  voltage  in  Los  Angeles  at  the  proper  value.     If  the 

load  were  removed  and  no  such  regulating  devices  existed,  this 

voltage  would  rise  to  values  considerably  in  excess  of  that  at  the 

generating  station  240  miles  away,  due  to  the  line  charging 

current  flowing  through  the  line  reactance. 
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Even  without  the  adjustment  secured  by  altering  the  field 
current,  3  sj-nchronous  motor  tends  to  maintain  constant  volt- 
age at  the  end  of  a  transmission  line  having  reactance.  If  the 
voltage  at  the  motor  terminals  drops,  its  back  emf.  tends  to 
exceed  the  terminal  voltage  and  the  motor  must  then  take  a 
leading  current  in  order  to  operate.  This  leading  current,  flowing 
through  the  line  reactance,  tends  to  maintain  the  motor  voltage, 
aa  a  leading  current  flowing  through  reactance  tends  to  produce  a 
rise  of  voltage  from  generator  to  load.  On  the  other  hand,  a  rise 
of  voltage  at  the  motor  terminals  tends  to  cause  the  motor  to 
operate  under-excited.  This  increases  the  drop  from  generator 
to  load  and  tends  to  cause  the  voltage  at  the  load  to  decrease. 


FiQ.  302,— Synch  I 


The  effect  of  the  synchronous  motor  on  voltage  control  may 
be  shown  by  a  laboratory  experiment,  the  connections  for  wlii«li 
are  given  in  Fig,  302.  A  synchronous  motor,  running  either 
light  or  partly  loaded,  is  supplied  from  constant  potential  mains 
through  three  aeries  reactances,  one  in  each  main.  A  lamp  load 
or  an  induction-motor  load  is  connected  in  parallel  with  the  syn- 
chronous motor.  Vary  the  lamp  load  or  the  induction-motor  load 
and  maintain  the  synchronous  motor  terminal  voltage  y„  con- 
stant by  varying  its  field  current.  It  will  be  found  that  the 
field  current  must  be  materially  increased  as  the  load  is  increaseti. 
Figure  303  shows  the  general  trend  of  the  curve  giving  the  rela- 
tion between  the  field  current  and  the  load. 


THE  SYNCimONOUS  MOTOR 

It  is  also  instructive  to  keep  the  lamp  load  or  the  induction 
motor  load  constant  and  at  the  same  time  to  obtain  a  V-eurve 
and  find  the  relation  of  V„  to  the  synchronous  motor  field  cur- 
rent. The  results  of  such  a  teat  are  shown  in  Fig.  304.  V„  is 
considerably  lower  than  Vo  for  low  values  of  field  current,  but 
after  unity  power-factor  is  reached,  V„  exceeds  Vg. 


=v« 


134.  Industrial   Applications   of   the   Synchronous   Motor. — 

Single-phase  synchronous  motors  are  rarely  used  in  practice. 
Like  the  single-phase  induction  motor,  the  direction  in  which  they 
rotate  is  determined  by  the  direction  in  which  they  are  started, 
tinlike  the  polyphase  synchronous  motor,  they  will  not  start 
by  induction  motor  action  but  must  be  brought  up  to  speed  by 
other  means.  Polyphase  synchronous  motors  are-  commonly 
used. 

The  inherent  disadvantages  of  the  synchronous  motor  are  that 
it  requires  a  direct-current  supply  for  its  excitation,  its  starting 
torque  is  very  small,  and  the  motor  is  very  sensitive  to  system 
disturbances  and  may  fall  out  of  step  when  these  occur.  On  the 
other  hand,  the  ease  with  which  its  power-factor  can  be  controlled 
is  a  distinct  advantage,  often  outweighing  all  the  disadvantages. 
The  fact  that  its  speed  is  constant  is  of  little  moment,  since 
induction  motors,  especially  in  the  larger  sizes,  have  only  1  or  2 
per  cent,  speed  regulation. 

The  synchronous  motor  is  used  only  in  the  larger  sizes  where 
the  cost  of  attendance  per  kilovolt-ampere  is  low.  Moreover,  it 
should  not  be  used  where  there  are  sudden  appU cations  of  the  load, 
as  it  may  drop  out  of  step  under  such  conditions.  An  important 
field  of  use  is  in  connection  with  motor-generator  sets  where  a 


r 
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large  unit  is  required  and  where  any  sudden  changes  of  load  s 
partly  absorbed  by  the  inertia  of  the  direct-current  armature.  ■ 
A  few  such  motors,  situated  at  various  points  in  a  large  systeni,r 
may  make  it  possible  to  operate  the  generating  station  and  manjil 
of  the  transmission  hnea  and  sub-stations  at  high  power-factor.T 
in  spite  of  low  power-factor  in  the  consumers'  loads. 

Even  with  these  advantages  of  the  synchronous  motor,  electri' J 
cal  engineers  often  prefer  to  use  induction  motors  for  i 
generator  sets,  because  of  their  simplicity  and  frreater  reliability,^ 


I 


Figure   305   shows   synchronous   motors   driving  direct- 
generators  in  a  sub-station. 

Electric  Propulsion. — Synchronous  motors  are  also  com 
into  use  for  the  electric  propulsion  of  cargo  and  merchant  shipi 
Such  ships,  when  under  way,  operate  at  a  constant  speed  and  tl 
constant^speed  characteristic  of  the  synchronous  motor  is  notfl 
disadvantage,  therefore.  As  such  motors  can  be  operated  t 
unity  power-factor,  the  weight  of  motor,  generator  and  coi 
ing  loads  is  smaller  than  when  induction  motors  are  used. 
matter  of  weight  is  important  in  marine  work.  The  air-gap  of 
sjmchronous  motors  is  considerably  greater  than  that  of  induc- 
tion motors  and  the  mechanical  difficulties  which  a  short  a 
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avolves,  such  as  very  accurate  alignment,  etc.,  are  not  present 
vhen  synchronous  motors  are  used.     Owing  to  the  salient-pole 
feature  of  the  synchronous  motor,  stator  coils  may  be  replaced 
without  removing  the  rotor.     Also,  the  field  windings  on  the 
salient  poles  are  less  subject  to  injury  than  the  embedded  con- 
ductors in  the  rotor  of  an  induction  motor.     The  dampers  of 
synchronous  motors  used  for  electric  propulsion  are  designed  to 
give  moderately  high  torque  on  starting,  reversing,  etc.     Both 
the  speed  and  the  voltage  of  the  generator  may  be  varied,  so  that 
the  motors  have  different  starting  characteristics  from  those  ex- 
'  itldfig  at  constant  frequency  and  constant  voltage. 

Frequency  Changers, — It  is  sometimes  necessary  to  supply 
electric  power  from  one  electric  system  to  another  electric  system 
rf  different  frequency.  A  common  method  is  to  use  synchronous- 
molw-altemator  sets.  The  synchronous  motor  and  the  alter- 
nator must  have  a  different  number  of  poles,  the  number  of 
pdleB'in  each  being  proportional  to  the  frequency  of  the  system 
to  which  the  particular  machine  is  connected.  For  example,  if 
the  frequency  is  being  changed  from  60  to  25  cycles,  the  number 
of  jpqlBB  of  the  synchronous  motor  must  be  to  the  number  of 
pdito  of  the  alternator  in  the  ratio  of  60  to  25  or  12  to  5.  The 
hil^hnt  speed  at  which  this  ratio  of  frequencies  can  be  obtained 
ifll  require  a  set  having  a  24-pole  synchronous  motor  and  a 
KKpble  alternator.    The  set  will  operate  at  only  300  r.p.m. 

Except  in  very  large  units,  electrical  machines  operating  at 
this  very  low  speed  would  be  costly.  A  10-pole,  4-pole  combina- 
tion gives  either  a  frequency  ratio  of  60  to  24  cycles  or  a  frequency 
ratio  of  62.6  to  26  cycles  and  operates  at  750  r.p.m.  Because  of 
its  greater  speed,  this  combination  is  often  used,  even  if  it  docs 
not  give  an  exact  60  to  25  cycle  ratio. 

It  is  often  difficult  to  synchronize  such  a  set,  as  it  must  be 
synchronized  with  both  systems.  If  the  alternator  voltages  are 
out  of  phase  with  their  respective  line  voltages,  the  synchronous 
nx)tormust  be  made  to  slip  a  pole  at  a  time  until  the  alternator 
^Itages  are  in  phase  with  their  respective  line  voltages.  The 
Joad  is  shifted  either  by  advancing  the  phase  of  the  system 
BUpplyiog  the  power,  as  by  opening  the  turbine  governors,  or  by 
'^tarding  in  some  manner  the  phase  of  the  voltage  in  the  system 
f^iving  the  power. 
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136.  Synchronous  Motors  of  Veiy  Small  Size. — EeeauBe  of 
their  absolutely  eonstant-apeed  characteristics,  synchronous 
motors  are  very  useful  for  driving  such  devices  as  must  be  held 
in  abaolute  synchronism  with  the  supply  frequency.  Such  uses 
involve  the  measurement  of  slip  in  the  induction  motor  (see 
page  273),  the  driving  of  oscillograph  mirrors,  stroboscopio 
devices,  mechanical  recti  fie  re,  etc. 

As  the  power  required  of  such  motors  is  extremely  small  and 
the  matter  of  low  power-factor  is  of  no  moment,  they  are  oftffli 
made  to  operate  without  direct-current  excitation.  In  Fig,  306, 
(a)  and  (b),  are  shown  motors  of  this  type.  In  (a),  tho  four-pob 
armature  consists  of  a  cruciform-shaped  piece  of  iron  with  the 


spaces  filled  with  wood  to  make  the  armature  cylindrical.  Till 
field  is  made  up  of  U-«haped  laminations  and  is  excited  from  tl 
alternating-current  supply 

When  the  armature  is  brought  up  to  speed,  two  diametrical^, 
opposite  armature  poles  are  attracted  to  the  field  poles  as  the  fluj 
is  increasing.  Because  of  the  Inertia  of  the  armature,  it  contintit 
to  rotate  when  the  flux  is  passing  through  zero.  The  next  p* 
of  poles  are  then  attracted  by  the  fiux  as  it  increases  in  111 
opposite  direction.  Such  a  motor  will  therefore  run  at  coustai 
speed,  provided  the  frequency  is  constant, 

A  16-pole  motor  operating  on  the  same  principle  is  shown! 
Fig.  306  (b). 

These  motors  really  operate  on  the  principle  of  maximum  pe 
meance,  although  it  will  be  recognized  that  they  are  salient^po 
synchronous  motors  of  the  rotating-field  type,  having  no  diref 
current  field  excitation.  Their  excitation  is  produced  by  s 
ture  reaction. 


CHAPTER  XI 

RECTIFIERS :  THE  SYNCHRONOUS  CONVERTER 

136.  Methods  of  Obtaining  Direct  Current  from  Alternating 
Current. — At  the  present  time,  over  90  per  cent,  of  electrical 
energy  is  generated  and  transmitted  as  alternating  current.  A 
very  large  percentage  of  this  energy  is  utilized  as  alternating 
current;  for  example,  to  operate  alternating-current  motors, 
electric  furnaces,  and  many  other  types  of  electrical  appliances, 
for  illumination  purposes,  etc.  However,  there  are  many  cases 
where  the  electrical  energy  must  be  in  the  form  of  direct  current, 
even  although  the  available  supply  of  energy  is  alternating  cur- 
rent. For  example,  direct  current  must  be  used  for  charging 
storage  batteries,  for  electrolytic  work,  for  telephone  exchanges, 
etc.  The  direct-current  series  motor  is  practically  the  only  type 
of  motor  that  can  be  used  for  street-railway  work  and  it  is  also 
commonly  used  in  railway  electrification.  In  the  congested 
city  districts,  where  the  consumers  loads  are  large  and  close 
together,  direct-current  power  is  preferable  to  alternating-current 
power,  as  capacitive  effects  in  the  underground  cables  are  not 
present  when  direct  current  is  used  and  inductive  effects  in  the 
system  are  also  absent  with  direct  current.  Furthermore,  in 
such  loads,  the  importance  of  continuity  of  service  requires  that 
ft  large  storage-battery  reserve  be  available.  This,  again,  is  an 
additional  reason  for  supplying  direct-current  service  in  such 
districts. 

As  the  power  supply  in  the  above  cases  is  almost  always  alter- 
nating current,  this  alternating  current  must  in  some  manner  be 
changed  to  direct  current.  There  are  several  methods  of  ac- 
complishing this,  the  most  common  being  the  following: 

1-  Mechanical  rectifier — commutating  type. 

2.  Mechanical  rectifier — ^vibrating  type. 

3.  Mercury-arc  rectifier. 

4.  The  Tungar  rectifier. 
5-  Electrolytic  rectifier. 

®-  Induction  or  sjmchronous-motor-generator  sets. 
«•  Kotaiy  or  synchronous  converter. 
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137.  Types  of  Rectifiers  and  Converters. — 1.  The  Rectifying 
Commutator. — The  rectifying  commutator  is  a  commutator  driven 
by  a  synchronous  motor.  The  segments  are  so  connected  that 
when  the  alternating  current  reverses,  the  connections  to  the 
direct-current  circuit  are  simultaneously  reversed,  as  shown  in 
Fig.  307.  A  unindirectional  current  is  thus  obtained.  Aa  the 
brushes  cannot  have  zero  width,  it  is  difficult  to  commutate  at 
the  point  of  zero  current  and  the  current  and  voltage  are  rarely 
zero  at  the  same  time.  Hence,  such  devices  spark  more  or  less, 
and  so  are  limited  to  small  currents  and  voltages. 


"U 


L 


Fia.  307.— CammutatinB-type  i 


2.  The  Vibrating  Rectifier. — The  vibrating  rectifier,  Fig.  308,  ia 
based  on  the  same  principle  aa  the  rectifying  commutator,  except 
that  the  circuit  connections  are  reversed  by  contacts  which  are 
opened  and  closed,  synchronously,  by  alternating-current  mag- 
nets and  a  polarized  armature.  This  type  of  rectifier  ordinarily 
is  designed  for  use  on  110-volt,  60-cycle  circuits.  The  circuit 
voltage  is  reduced  by  means  of  a  step-down  transformer,  the 
secondary  of  which  has  a  middle  tap.  This  secondary  excites 
two  series-eonnect«d,  alternating-current  magnets,  which  are  eo 
connected  that  they  both  have  the  same  polarity  on  correspond- 
ing ends  at  every  instant.  The  vibrator  is  a  soft-iron  bar  man- 
net,  pivoted  below  these  alternating-current  magnets,  each  of 
its  two  ends  being  directly  beneath  one  of  the  alternating- 
current  magnets.  This  bar  magnet  is  excited  by  direct  current 
taken  from  battery  terminals  and  has  therefore  a  fixed  polarity. 
Assume  that  at  some  particular  instant  the  right-hand  end  of 
the  transformer  secondary  is  positive.  By  following  throiigli 
the  circuits  in  Fig.  308  it  is  seen  that  both  the  lower  ends  of  ihe 
alternating-current  magnets  are  north  poles.  Also,  the  left-hand 
end  of  the  bar  magnet  is  a  north  pole,  and  its  other  end  is  a 
south  pole.     This  left-hand  end  is  therefore  repelled  downwards 
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and  the  right-hand  end  iB  attracted  upwards.  This  closes  the 
left-hand  contact,  which  allows  current  to  Sow  into  the  left-hand 
battery  terminal,  aaeumed  to  be  positive.  During  the  next  half- 
cycle  the  left-hand  end  of  the  transformer  is  positive  and  the 
right-hand  end  of  the  magnet  ia  repelled.  This  closes  the 
right-hand  contacts  and  current  still  flows  into  the  positive  or 


■Vibrating  reetiSer. 


left-hand  side  of  the  battery.  Hence,  the  battery  receives  a  uni- 
directional current,  and  may  be  charged  from  alternating-current 
supply.  The  contact  should  open  when  the  current  is  zero. 
This  adjustment  is  made  by  means  of  the  resistance  R,  which 
shifts  the  phase  of  the  current  in  the  alternating-current  magnets. 
Condensers  are  connected  across  the  contacts  in  order  to  mini- 
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mize  sparking.     It  makes  no  difference  how  the  battery  is  coD' 
nected,  as  the  direction  of  excitation  of  the  vibrating  magnet  I 
causes  the   current  always  to  flow  into  the  positive  batterj  [ 
terminal. 

This  type  of  rectifier  is  designed  for  8  amp.  at  from  8  ta  10  I 
volts.     Owing  to  diflacultiea, 
due  primarily  to  wave-form, 
it    has    not    been    entirely 
satisfactory  in  practice. 

3.  The  Mercury-arc  Rec- 
tifier.— The  mercury-arc 
rectifier  has  already  been 
mentioned  in  connection 
with  the  constant-current 
transformer  (see  page  217). 
The  principle  is  the  valve 
action  of  mercury  vapor. 
In  order  to  obtain  the  best 
operation,  the  tube  contain- 
ing this  vapor  must  be  ex- 
hausted to  a  very  high 
vacuum.  Figure  309  shows 
a  mercury-arc  rectifier  tube 
having  four  terminals.  The 
lower  terminal  ia  the  cathode, 
to  which  the  current  goesfrom 
the  tube.  The  two  terminals, 
Al,  Ai,  are  the  anodes  from 
which  the  current  enters  the 
tube.    A3  is  a.  starting  anotie, 


rectifier  for  low  by  means  of  which  the  mer- 


voltages. 


cury  arc  is  established.  Cur- 
rent then  enters  the  tubefromeitheranode,Ai,Ai,  depending  upon 
which  side  of  the  transformer  secondary,  ab,  is  positive.  When 
the  current  attempts  to  reverse  its  direction,  however,  the 
mercury  vapor  acts  as  a  valve  and  prevents  any  current  entering 
the  tube  at  the  cathode.  If  only  one  anode  were  used,  the  nega- 
tive half  of  the  alternating-current  wave  would  be  eliminated  in 
each  cycle  and  the  resultant  wave  would  appear  as  shown  in 


RECTIFIERS:  THE  SYNCHRONOUS  CONVERTER        337 


solid  line,  Fig.  310(a).  This  condition  of  operation  could  not  be 
maintained  with  the  mercury  arc,  because  the  arc  is  extinguished 
88  soon  as  the  current  becomes  zero. 

To  obtain  a  continuous  flow  of  current  through  the  tube,  two 
anodes,  Ai,  A2,  are  necessary,  one  anode  being  connected  to  each 
end  of  the  transformer  secondary.  When  one  end  of  the  trans- 
former becomes  negative,  the  other  becomes  positive,  so  that 
either  one  anode  or  the  other  is  always  positive.    Therefore, 


(a)  Negative  half  of  wave  cut  off. 


(&)  N^rntive  half  rectified; no  reactance. 


(«)  N^rntiye  half  rectified}  reactance  producinsr  a 
pulaatinfr  uni-directional  current. 

Fio.  810. — Rectified  alternating-current  waves. 


current  is  alwajrs  entering  the  tube  from  either  one  anode  or  the 
other.  Were  there  no  inductance  in  circuit,  the  rectified  wave 
under  these  conditions  would  appear  as  shown  in  Fig.  310(6). 
The  portions  of  the  wave  marked  Ai  are  due  to  anode  Ai,  and 
thofle  marked  As  to  anode  A 2.  Each  of  these  portions  reaches 
the  aero  value  twice  for  each  cycle  of  current  supply.  This 
would  cause  the  arc  to  be  extinguished.  By  introducing  in- 
ductance in  the  circuit,  however,  the  current  is  held  f 
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zero  point  and  the  resulting  wave  is  eimilar  to  that  shown  in 
Fig.  310(c),  being  more  or  less  pulsating  in  character. 

The  direct  current  leaves  the  cathode,  enters  the  positive 
terminal  of  the  battery  to  be  charged  (or  other  translating 
device)  and  flows  to  the  neutral  of  the  auto-transformer. 

The  operation  of  the  auto-transformer  is  as  follows:  Assume 
that  at  some  particular  instant,  terminal  b  of  the  transformer 
secondary.  Fig.  309,  is  positive  and  terminal  a  negative.  Current 
obviously  attempts  to  pass  from  b  to  a  through  some  external 
circuit.  One  path  is  by  way  of  the  anode  At,  the  tube,  the 
cathode  and  through  the  battery  to  the  neutral  N  of  the  auto- 
transformer.  Aa  some  of  this  current  must  return  to  terminal  a 
of  the  transformer  secondary,  it  attempts  to  pass  through  the 
winding  Nd  of  the  auto-transforraer  A  part  of  the  current  does 
pass  through  this  winding  and  in  so  doing  creates  a  flux  in  the 
core  of  the  auto-tranaformer  which  induces  an  emf .  in  the  winding 
Nc.  The  direction  of  this  emf.  is  such  as  to  cause  the  remainder 
of  the  current  to  flow  from  TV  to  c.  This  current  flows  through 
the  local  circuit  NcA,.  This,  it  will  be  remembered,  is  the  prin- 
ciple of  the  auto-transformer  (see  page  206,  Par.  90). 

The  anode  .4a  is  for  starting  purposes  only.  When  the  tube 
is  tilted,  a  conducting  stream  of  mercury  is  established  between 
^3  and  the  cathode.  The  resulting  current  flow  vaporizes  some 
of  this  mercury  and  so  establishes  the  arc.  A  ballast  resistance 
R  is  necessary  in  order  to  hmit  the  current  at  starting,  since  there 
is  then  a  metallic  path  of  low  resistance  between  Ax  and  the 
cathode. 

For  low-voltage  circuits,  this  type  of  rectifier  has  not  as  yet 
been  developed  in  large  capacities.  Figure  311  shows  the  front 
and  rear  views  of  a  complete  rectifier  panel  such  as  would  be  used 
for  charging  vehicle  batteries. 

4.  The  Tungar.^ — The  tungar  is  based  on  the  following  prin- 
ciple: An  incandescent  filament  emits  minute  negative  chai^ee 
called  electrons.  When  the  discharge  of  these  electrons  occun 
in  an  electrostatic  field,  the  electrons  attain  considerable  velocity. 
If  a  gas  is  present,  these  electrons  collide  with  the  gas  atoms  and 
ionize  them.  That  is,  when  an  electron  colhdes  with  an  atom  of 
■ription  see  "Tlie  Tungar  Rectifier,"  hy  R.  E.  RuBsdl, 
1917,  page  209. 


■      RECTIFIERS;  THE  SYNCHRONOUii  CONVERTER         339 

,  that  atom  is  broken  up  into  an  electron  and  a  positive  ion. 
!  region  in  which  this  action  occurs  then  becomea  ionized. 
Ued  gas  is  a  conductor  of  electricity. 


": 

111— Single-phaa 


Figure  312  (a)  shows  a  glass  bulb  containing  an  inert  gas,  usually 
son,  at  reduced  pressure,  and  also  an  ordinary  coiled  tung- 
in  filament.  Near  the  filament  is  a  graphite  anode.  A  trans- 
rmet  ab  steps  down  the  supply  voltage  and  the  filament  is 
unected  across  its  secondary.  The  filament  then  becomes  in- 
Bcent  and  emits  negative  charges  or  electi'ons. 
}  terminal  of  the  transformer  secondary  c  and  one  end  of 
lament  are  connected  to  the  transformer  primary  at  b. 
lament  is  then  at  practically  the  same  potential  as  tlxftt  of 
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the  power-supply  line  b'b.  The  voltage  of  the  battery  bein;^^ 
charged  is  somewhat  less  than  the  voltage  between  line  a'a  and 
line  b'b.  Therefore,  the  potential  of  the  graphite  anode  is  differ — 
ent  from  the  potential  of  point  c,  usually  by  approximately  5  or ^ 
volts.  Consequently,  during  one  half-cycle  the  potential  of  th^ 
filament  ia  negative  with  respect  to  that  of  the  anode  and  during^ 
the  next  half-cycle  ita  potential  is  positive  with  respect  t&  that 
of  the  anode. 

When  the  filament  is  negative,  the  negative  charges  or  electroas 
are  repelled  by  it,  because  like  charges  repel  each  other. 


Fio.  312.— Tui 


electrons  attain  a  considerable  velocity  and  break  up  the  gas 
particles  into  ions.  The  region  between  the  filament  and  the 
anode  becomes  conducting  and  as  a  result  current  flows  from 
into  the  positive  terminal  of  the  battery,  through  the  batl 
to  the  anode,  to  c  and  then  to  b. 

When  the  filament  is  positive,  the  electrons  or  negative  chi 
which  it  tends  to  emit  due  to  its  incandescence  are  attraci 
toward  the  filament,  since  positive  and  negative  charges  attract 
each  other.  Consequently,  the  electrons  which  produce  the  ion- 
izing action  are  withdrawn  from  the  region  between  the  filament 
and  the  anode.  As  a  result  the  gas  is  no  longer  ionized  and  it 
ceases  to  be  a  conductor.  No  current  can  flow,  therefore,  during 
this  half-cycle.    The  current  can  flow  only  in  one  direction. 


■om  a 
ktt«q^ 

lai^H 
actt^ 
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therefore,  from  the  graphite  to  the  filament,  and  the  device  acts 
as  a  rectifier.  A  very  small  and  almost  negligible  part  of  the 
current  is  due  to  the  electrons  themselves,  which  act  as  carriers 
of  negative  electricity  from  filament  to  anode. 

Figure  312  (b)  shows  the  connections  for  one  commercial  type 
of  low-voltage  tungar,  the  switches  and  cut-outs  being  omitted. 
Both  the  current  to  be  rectified  and  the  current  for  heating  the 
filament  are  supplied  by  the  transformer  secondary,  the  filament 
bemg  connected  between  a  2.5-volt  tap  and  one  end  of  the  sec- 
ondary. Current  regulation  may  be  obtained  by  adjusting  the 
resistance  and  the  reactance.  Where  electrical  connection  be- 
tween load  and  primary  mains  is  permissible,  an  auto-transformer 
with  taps  may  be  used. 

The  devices  shown  in  Fig.  312  eliminate  the  negative  half  of 
each  wave,  but  this  is  not  a  serious  disadvantage  when  ordinary 
batteries  are  being  charged.  However,  a  two-bulb  rectifier  sup- 
plying a  continuous,  pulsating  current  is  also  manufactured.  The 
efficiency  of  the  tungar  rectifier  is  from  35  per  cent,  in  the  smaller 
sizes  to  75  per  cent,  in  the  larger  sizes.  The  capacities  at 
present  are  not  much  in  excess  of  750  watts. 

5.  Electrolytic  Rectifiers. — Electrolytic  rectifiers  are  based  on 
the  following  principle:  If  a 
kad  plate  and  an  aluminum 
plate  be  immersed  in  a  sodium- 
or  ammonium-phosphate  solu- 
Won,  current  can  pass  from  the 
solution  to  the  aluminum.  As 
soon  as  the  current  attempts 
to  reverse  and  pass  from  the 
aluminimi  to  the  solution,  a 
thin  insulating  film  of  alumi- 
lum  oxide  is  instantly  formed 
>ver  the  aluminiun  plate,  and  acts  as  an  insulator  up  to  about 
50  volts.  This  prevents  the  current  flowing  from  aluminum 
0  solution,  and  such  a  device  may  be  used,  therefore,  as  a  recti- 
ler.  Figure  313  shows  such  a  simple  rectifier,  giving  a  continuous 
lulsating  current  like  that  shown  in  Fig.  310(6). 

Such  rectifiers  are  of  low  efficiency,  60  per  cent,  and  lower,  and 
re  of  small  capacity.     They  are  used  primarily  for  charging 


A.C.  Supply 


Transformer 


t 


15(S 


Alominum   E^a? 
Plate-— E 


a+ 


^c^ 


T- 


Battery 
beingr 
charged 


Aluminom 
^PUte 

Lead  Plate 
Fig.  313. — Electrolytic  rectifier. 
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low-voltage   batteries  from   alternating-current   supply.     Their 
advantage  lies  in  their  cheapness  and  simplicity. 

6.  Induction-  or  Synchronous-motor-getwator  Sets. — None  of 
the  foregoing  devices  is  capable  of  converting  alternatii^  to 
direct  current  on  the  large  scale  required  in  modern  power 
systems.  To  convert  large  amounts  of  power,  induction-motor- 
or  synchronous-motor-generator  sots  may  be  employed. 
capacity  of  such  units  is  limited  only  by  the  size  in  which  it 
possible  to  construct  the  direct-current  generator.  The  dis- 
advantage of  a  motor-generator  set  is  .that  it  requires  two  ma- 
chines, with  corresponding  cost  and  floor  space,  and  the  over-all 
efficiency  is  not  extremely  high,  being  the  product  of  the  effici- 
encies of  the  individual  units  of  the  set. 

7.  The  Rotary  or  Synchronous  Converter  is  a  single  machine 
which  converts  alternating  to  direct  current  or  vice  versa,  and 
may  be  built  to  convert  large  amounts  of  power  efficiently  and 
economically.  Because  it  has  only  one  armature  and  one  field, 
the  synchronous  converter  usually  costs  less  than  an  equiva- 
lent motor-generator  set.  Because  the  armature  current  ia 
small,  being  the  difference  between  the  alternating  and  the  direct 
currents,  this  type  of  machine  has  a  high  efficiency  when  oj 
ating  under  favorable  conditions. 

138.  Principle  of  the  Synchronous  Converter. — It  has  alreai 
been  demonstrated  that  alternating  current  is  generated  in  the' 
armature  coils  of  the  ordinary  direct-current  generator.  If 
taps  be  brought  out  properly  from  the  armature  winding  to  slip- 
rings,  alternating  cuiTent  may  be  taken  from  this  same  winding 
and  the  machine  becomes  an  alternator.  Such  an  alternator 
can  obviously  operate  as  a  synchronous  motor. 

The  synchronous  converter  ia  constructed  like  the  ordinary 
direct-current  generator,  although  the  relative  dimensions  may 
be  different.  It  has  fixed  poles,  a  rotating  armature,  a  commu- 
tator, a  shunt  field,  and  usually  a  series  field.  In  addition  to 
the  commutator,  however,  leads  are  taken  from  the  armature  te 
slip-rings,  in  the  manner  shown  in  Fig.  314  {also  see  Figs.  315  and 
316).     Figure  314  represents  a  two-pole,  single-phase  converter. 

In  the  synchronous  converter,  as  commonly  used,  alternating 
current  is  supplied  to  the  slip-rings  and  direct  current  is  takea 
from   the  commutator  and  brushes.     If,   however,   the  dii 
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current  bniehes  be  open-circuited  or  removed,  the  machine  be- 
comes, under  these  conditions,  a  synchronous  motor  of  the  rotat- 
ing-armature  type.  On  the  other  hand,  if  direct  current  be 
supplied  to  the  brushes  and  commutator,  and  the  slip-rinR  brushes 
be  disconnected,  the  machine  becomes  a  shunt  or  compound 
motor. 

If  the  machine  be  driven  mechanically,  and  current  be  taken 
from  the  slip-rings  only,  it  becomes  an  alternator.  On  the  other 
hand,  if  current  be  taken  from  the  commutator  only,  it  becomes 
a  direct-current  generator.  Both  alternating  and  direct  current 
may  be  taken  from  it  simultaneously,  and  it  then  becomes  a 
double-current  generator. 


FiQ.  a  14. ^Two-pole,  sitiele-phi 


In  the  synchronous  converter  as  ordinarily  used,  alternating 
*•  current  is  supplied  to  the  slip-ringa  so  that  the  machine  operates 
as  a  synchronous  motor,  so  far  as  the  aIternatingH3urrent  aide  is 
concerned.  At  the  same  time  direct  current  is  taken  from  the 
commutator  and  brushes,  and  therefore  this  side  of  the  machine 
has  characteristics  very  similar  to  those  of  a  shunt  or  compound 
generator.  When  operated  in  this  manner,  the  machine  is  said 
to  be  a  direct  synchronous  converter. 

The  machine,  however,  may  take  power  from  the  direct-current 
supply,  operating  as  a  direct-current  motor,  and  deUvcring  alter- 
nating  current   from   the   slip-rings.     When   operated   in   this 
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manner,  the  machine  is  said  to  be  an  inverted  synchTonons  con- 
verter.    This  is  not  the  usual  method  of  operation. 

139.  Polyphase  CouTerters. — The  output  of  a  converter 
increases  materially  with  the  number  of  phases.  For  exam]^, 
the  rating  of  a  six-phase  converter  is  more  than  twice  its  rating 
when  operated  single-phase  (see  Par.  144). 

The  connections  of  polyphase  converters  are  comparativelf 
simple.  For  example,  the  four-phase  converter  shown  in  Fig. 
315  requires  four  slip-rings.  The  points  at  which  the  shp-rin^ 
are  connected  to  the  winding  are  90  space-degrees  apart  in  the 


Pre.  315. — Tvo-pole. 


4-piiaar  fynrhroiMNB  n 


two-pole  t^iie.  If  the  machine  has  four  poles,  two  taps  from  eiA 
ring  to  the  winding  are  DeceEsar>-.  Thb  i$  illustrated  in  Fig.  31fli 
ID  which  a  three-phase,  four-pole  converter  t?  sliowii.  Two  t^c 
run  from  each  ring  to  the  winding :  in  thi5  ca^  the  taps  are  diam- 
tricallv  oppoiate.  For  examine,  if  the  tap  from  one  ring  conneelB 
to  a  portion  of  the  winding  which  at  some  particuliu'  iretant  i> 
uoder  the  center  of  a  north  pole,  then  there  must  be  similar  t^l 
nuuking  from  this  same  ring  to  ever>~  point  »i  the  winding  ni^ 
lies  at  that  instant  under  the  center  of  a  north  pole.  (See  pointi 
aji.  Fig.  316). 
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A  six-phase,  six-pole  synchronous  converter  will  have  six  slip- 
rings  and  three  taps  from  each  shp-ring,  making  a  total  of  18 
taps  to  the  winding. 

A  simple  rule  for  obtaining  the  number  of  taps  to  the  winding 
IB  to  remember  that  if  the  machine  has  n  phases,  there  must  be  n 
slip-ring  tape  for  every  360  electrical  space-degrees,  or  for  every 
pair  of  poles.  (This  does  not  hold  for  single-phase.)  For  ex- 
ample, in  Fig.  316  there  must  be  three  taps  for  each  pair  of  poles, 
or  six  taps  in  all.     Figure  327,  page  357,  shows  how  the  taps  are 


Fio.  316. — Three-phase.  4-poIe,  aynchi 


brought  out  from  the  armature  to  the  slip-rings  in  a  14-pole, 

ux-phaae  coDv^ier. 

It  is  to  be  noted  that  the  slip-ring  taps  must  be  brought  out  at 
equidistant  points  along  the  winding,  in  order  that  the  alter- 
nating voltages  may  be  balanced.  Hence,  the  direct-current 
windings  that  can  be  used  for  a  synchronous  converter  are  more 
or  less  restricted,  for  the  number  of  coils  must  be  divisible  by  the 
number  of  slip-ring  taps. 

140.  Sin^-pluue  Voltage  Ratios  in  a  Synchronous  Converter. 
In  a  synchronous  converter,  both  the  alternating  and  the  direct- 
current  electromotiTe  forces  are  induced  by  the  same  system  of 
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conductors,  cutting  the  same  field.  Therefore,  there  must  be  a  [ 
fixed  ratio  between  the  direct-current  and  the  alternating-  Ij 
current  induced  electromotive  forces. 

In  a  single-phase  converter,  there  are  the  same  number  ot 
active  conductors  between  the  direct-current  brushes  as  between 
the  alternating-current  slip-rings,  as  will  be  seen  in  Fig.  314. 
The  same  number  of  conductors,  cutting  the  same  field,  gives 
both  the  direct-current  emf.  and  the  single-phase  emf. 

It  will  be  remembered  that  the  electromotive  force  between 
the  brushes  of  a  direct-current  generator  is  the  sum  of  the  emf. 
waves  generated  in  each  of  the  individual  conductors  connected 
in  series  between  the  brushes.  The  resulting  electromotive 
force  is  the  peak  value  of  the  resulting  wave,  as  is  shown  in  Fig. 


317(a).     (Also  see  Vol.  I,  page  219,  Pars,  164  and  165).     Ft 
simplicity.  Fig.  317(a)  shows  only  the  wave  resulting  from  twtt' 
coils  between  slip-rings  spaced  90°  apart. 

In  a  single-phase  machine,  there  are  just  as  many  conductors 
between  the  slip-ring  taps  as  between  the  brushes.  Therefore, 
the  resultant  alternating  emf.  wave  between  slip-ring  taps  is 
found  by  adding  together  the  alternating  waves,  90°  apart,  point 
by  point,  as  shown  in  Fig.  317(6).  Comparing  Figs.  317(a) 
and  317(6),  it  will  bo  noted  that  the  direct-current  emf.  is  eqi 
to  the  peak  value  of  the  alternating  emf. 

Therefore,  in  a  single-phase  converter,  the  direct-<urreni  indi 
electromotive  force  is  equal  to  Ike  \/2  limes  the  effective  value  of 
the  single-phase  alternating-current  induced  electromotive  force. 
This  ratio  may  be  modified  by  wave  form  as  in  the  split-pole 
converter  (page  361). 

141.  Polyphase  Voltage  Ratios  in  a  Synchronous  Converter. 
It  will  be  remembered  that  the  total  single-phase  electromoti 
force  generated  in  an  alternator  armature  is  the  vector  sum 
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the  individual  inductor  electromotive  forces,  as  shown  in  Fig. 
318.  In  (a),  the  several  conductors  upon  the  surface  of  the 
armature  are  shown.  In  (b)  are  the  vector  electromotive 
forces  generated  in  the  various  conductors,  together  with  their 
vector  sum   (also  see  page   121,  Par.  58).     The  total  single- 
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Fig.  318. — Relation  of  induced  emfs.  to  belt  span,  in  a  closed  armature  winding 

phase  voltage  is  the  diameter  of  a  circle  drawn  to  the  proper 
scale,  as  shown  in  Fig.  318(6).  The  three-phase  electromotive 
force  is  the  vector  sum  of  the  individual  electromotive  forces 
included  within  a  120°  arc,  Fig.  318(6).  The  four-phase  electro- 
motive force  is  the  vector  sum  of  the  electromotive  forces  in- 
cluded within  a  90°  arc,  and  the  six-phase  electromotive  force  is 
the  vector  siun  included  within  a  60°  arc. 

This  gives  a  simple  method  for  obtaining  the  various  electro- 
motive force  relations  in  a  con- 
verter armature.  Draw  a  circle, 
Fig.  319,  whose  diameter  is  100 
units.  Let  this  represent  a  single- 
phase  electromotive  force  of  100 
volts,  effective.  The  direct-current 
electromotive  force  will  then  be 
V2  X  100  =  141.4  volts,  which  is 
shown  by  extending  the  diameter. 

The  three-phase  electromotive  force     among  voltages  in  a  synchronous- 
^  .  converter  armature. 

is  the  length  of  a  chord  subtendmg 

an  arc  of  120°,  or  86.6  volts.  The  four-phase  electromotive  force 
is  the  length  of  a  chord  subtending  90°,  or  70.7  volts.  The  six- 
phase  electromotive  force  is  the  length  of  a  chord  subtending 
60°,  or  50  volts. 
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Fig.    319.-— Relations    existing 
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Below  are  tabulated  these  results:  |i< 

Emfs. 

j^   P  SiNGLC-  Three-  Four-  Sdc- 

Phase  Phase  Phase  Phase 

141.4  100  86.6  70.7  50 

Ratio  of  A.  C.  Emfs.  to  D.  C.  Emf. 
0.707  0.612  0.50  0.354 

142.  Current  Ratios  in  a  Synchronous  Converter. — The  rela- 
tions between  the  direct  and  alternating  currents  in  a  synchronous 
converter  may  be  determined  as  follows: 

Single-phase: 

If  the  efficiency  is  assumed  to  be  100  per  cent,  and  the  power- 
factor  unity 

VI  =  Vi  /i 

/l  V  141.4  .  ,    A.A     T 

where  V  and  /  are  the  direct-current  voltage  and  current  respec- 
tively and  Vi  and  /i  are  the  single-phase  voltage  and  current 
respectively. 
If  the  efficiency  be  rj  and  the  power-factor  P.F., 

VI  =  Fi/i  X  P.F.  X  V 

The  single-phase  current 

In  practice,  the  efficiency  is  from  92  to  96  per  cent,  and  the 
power-factor  is  rarely  allowed  to  drop  below  0.9. 
Three-phase: 
At  100  per  cent,  efficiency  and  unity  power-factor 

VI  =  V373/3 

where  Vz  is  the  three-phase  line  voltage  and  J3  the  three-phase 
line  current. 

Iz  =  I—^ 

F3V3 

but 

V         141 4 

It  =  0.943  /  (78) 


RECTIFIERS:  THE  SYNCHRONOUS  CONVERTER        349 

*  the  efficiency  be  rj  and  the  power-factor  P.F,y  the  three-phase 
^^e  current 

T         0.943  /  ,^^, 

Four-phase: 

At  100  per  cent,  efficiency  and  unity  power-factor 

VI  =  2V2F2/2 

where  Vi  is  the  voltage  between  adjacent  lines  and  It  is  the  four- 
phase  line  current,  Fig.  320. 
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Fig.   320. — Currents  and  voltages  in  a  4-phase  synchronous-converter  armature. 

If  the  efficiency  be  rj  and  the  power-factor  P,F.j  the  four-phase 
line  current 


h=~ 


0.707  / 


(81) 


V  X  P.F. 

Six-phase: 

The  six-phase  system  may  be  considered  as  composed  of  two 
Y-systems,  or  two  delta  systems,  each  having  one-half  the  capac- 
ity of  the  six^phase  system.  (See  Par.  149,  page  364.)  Figure 
321  shows  a  six-phase  double- Y  connection  in  which  the  six- 
phase  voltages  between  adjacent  lines  and  to  neutral  are  Fe.  A 
current  Je  flows  in  each  line.  As  the  six  phases  are  all  connected 
together  at  the  neutral,  this  system  may  be  split  into  two  equal 
Y-systems,  Fig.  321(6),  each  having  Vt  volts  to  neutral.  The 
output  of  each  Y-system  at  unity  power-factor  is  SFele  watta. 
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At  100  per  cent,  efficiency  and  unity  power-factor 
VI  =  2(3Fe/6)  =  67e/6 


but 


/. 

6F8 

V 

141.4 

F. 

50 

=  2.828  (Par.  141) 


6 


(82) 


(a)  (6) 

FiQ.  321. — Currents  and  voltages  in  a  double-Y,  6-phase  sjrstem. 

If  the  efficiency  be  r/  and  the  power-factor  P  J*., 

0.471  / 


U  = 


V  X  P^F, 


(83) 


Summarizing  the  above,  (for  unity  power-factor  and  100  per 
cent,  efficiency): 


No.  OF 

Slip-rings 

2 
3 

4 
6 


No.    OF 

Phases 
1 

3 
4 
6 


Ratio 

AC/^DC 

1.414 
0.943 
0.707 
0.471 


Example, — A  500  kw.  converter,  Fig.  322,  has  an  eflficiency  of  92  per  cent, 
at  full  load  and  operates  at  a  power-factor  of  0.94.     The  direct-current 
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tags  is  550  volta.     The  alterna.tii)g-<iurrent  aide  te  operated  slx- 
*«id  the  direct  current  and  all  the  A.C.  line  currents  and  voltages. 


fi50 


=  DOHa. 


Fs  =  550  X  0.354  =  1SI5  volts  between  adjac 
^Tom  equation  (83) 

J  X  0.471  ^ 
"   0.92  X  0.94 


'.- 


).  per  line.     Am 


FlO.  322. — Currenta  and  voltage 


143.  Conductor  Currents  in  the  Armature  of  a  Converter. — It 

has  already  been  pointed  out  that  the  aynchronous  converter  has  a 
high  efficiency  because  the  net  current  in  each  armature  conductor 
is  the  difference  between  the  alternating  current  and  the  direct 
current  which  would  of  themselves  exist  in  that  conductor.  The 
reason  for  this  is  obvious.  The  alternating  current  entering 
through  the  slip-rings  is  a  motor  current,  driving  the  machine  as  a 
Bynchronous  motor  and  is  therefore  in  opposition  to  the  induced 
electromotive  force.  The  armature  current  which  is  delivered 
by  the  commutator  to  the  brushes  is  a  generator  current  and  is 
therefore  in  conjunction  with  the  induced  electromotive  force. 
Both  the  alternating  and  the  direct  current  utilize  the  same  con- 
ductors, rotating  in  the  same  field.  Under  these  conditions 
the  two  currents  must  flow  in  opposite  directions.  Therefore, 
the  net  current  in  each  conductor  must  be  the  difference  between 
the  motor  current  and  the  generator  current. 

The  wave-form  for  the  resultant  current  in  the  various  conduc- 
tors ia  very  irregular  and  differs  for  the  different  armature 
conductors.  The  value  of  the  resultant  current  also  differs  in 
the  different  conductors. 
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Consider  conductor  a,  Fig,  323,  which  lies  midway  between 
two  slip-ring  taps.  First  consider  the  direct  current  in  this 
conductor  as  the  conductor 
moves  through  successive  po- 
sitions 1,  2,  3,  4.  If  the  load  be 
assumed  constant  and  the  width 
of  the  brush  be  neglected,  the 
direct  current  wiU  be  positive, 
s)  and  will  not  vary  as  the  con- 
ductor moves  from  (1)  to  {2)  to 
(3).  At  (3),  the  brush  position, 
the  current  reverses  abruptly 
and  then  remains  constant  until 
the  conductor  reaches  position 
(1).  This  is  shown  in  Fig.  324(q). 

between  slip-ring  taps,  so  that  it 
is  at  the  center  of  the  alternating-current  phase-belt  which  ia 
included  between  these  slip-ring  taps.     The  phase  of  the  electro- 


( 

^D.c|  Cumnl 

)       ( 

1        c 

) 

\ 

k_y 

\ 

Fia.  324.— Currant  , 


(6)  Reeultant  Current 
ring  tops. 


motive  force  in  a  is  the  same  as  that  of  the  resultant  electro- 
motive force  of  the  entire  belt.     This  is  evident  from  a  study  of 
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Fig.  318,  although  a  conductor  at  the  exact  center  of  the  winding 
is  not  shown  in  that  figure. 

Assume  that  the  current  is  in  phase  with  the  induced  electro- 
motive force.  When  a  is  in  pmsition  (1),  Fig.  324,  the  alternating 
current  in  the  entire  phase  belt  is  zero;  when  a  reaches  position 
(2),  the  current  is  a  maximum;  etc.  This  current  is  plotted  in 
rig,  324(a),  a  sine  wave  being  assumed  The  alternating  current 
ia  opposed  to  the  direct  current,  since  one  is  a  motor  current  and 
the  other  a  generator  current  for  the  same  induced  electromotive 
force.  The  resultant  current  is  found  by  adding  the  two  cur- 
rents, point  by  point,  the  result  being  shown  in  Fig.  324(b),  This 
resultant  current  is  irregular  in  form,  and  its  effective  value  is 
small  compared  to  that  of  either  of  the  component  currents. 

This  resultant  current,  though  periodic,  is  not  a  sine  wave, 
and  therefore  must  be  made  up  of  a  current  wave  of  fundamental 
frequency  and  higher  harmonics.  As  the  current  is  assumed  to 
be  in  phase  with  the  induced  electromotive  force,  the  product 
of  this  current  of  fundamental  frequency  and  the  induced  electro- 
motive force  gives  the  power  necessary  to  supply  the  rotational 
losses,  which  include  friction,  windage,  and  core  losses. 

Next  consider  conductor  b,  Fig.  323,  at  one  of  the  slip-ring 
taps,  but  in  the  same  phase  belt  as  a.  As  this  conductor  passes 
through  the  successive  positions  (1),  (2),  (3),  and  (4),  the  direct 
current  is  the  same  for  each  position  of  b  as  it  was  for  the  cor- 
responding position  of  a.  This  direct  current  is  plotted  in  Fig. 
325  (a).  The  alternating  current  in  b  must  be  the  same  as  in  a, 
for  the  two  are  in  the  same  phase-belt  and  so  are  in  series.  When 
conductor  b  is  in  position  (1),  a  is  in  position  (4),  and  therefore 
the  current  in  both  a  and  6  is  a  positive  maximum,  from  Fig.  324. 
When  b  reaches  (2)  the  current  is  zero,  etc.  This  current  ia  plotted 
in  Fig.  325  (a).     The  resultant  current  i3_  shown  in  Fig.  325  (5). 

It  will  be  noted  that  the  resultant  current  in  6  is  distinctly 
greater  in  magnitude  than  the  current  in  a,  Fig.  324  (b).  There- 
fore, the  heating  in  the  conductors  nearer  the  slip-ring  taps  will 
be  greater  than  it  is  in  the  conductors  midway  between  tape. 
On  the  other  hand,  it  can  be  sim.ilarly  shown  that  the  heating 
in  conductor  c,  in  the  same  phase-belt  as  a  and  b  but  at  the  other 
tap,  is  different  from  the  heating  in  either  a  or  b,  if  the  power- 
factor  is  other  than  unity. 
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The  converter  rating  is  determined  by  the  allowable  tempera- 
ture of  the  hottest  part  of  its  armature.  Although  the  conductore 
midway  between  slip-ring  taps  are  operating  at  tern pe rat uree 
lower  than  the  allowable  safe  values,  the  converter  rating  mi 
be  adjusted  to  conform  to  the  safe  temperature  limits  of  the  con-' 
ductors  whose  temperature  is  highest. 

The  greater  the  number  of  phases,  the  greater  will  be  the 
number  of  slip-ring  taps.     This  will  produce  a  lesser  temperature 


range  due  to  difference  in  position  of  the  various  armature  con- 
ductors, because  the  resultant  of  the  direct  and  the  altematinj. 
current  for  conductors  located  near  the  slip-ring  taps,  whii 
conductors  operate  at  the  highest  temperature,  is  decreased 
magnitude.     The  average  heating  for  all  the  conductors  will 
reduced,  which  will  permit  an  increase  in  rating  for  the  convei 
The  rating  of  a  given  converter  increases  rapidly  with  incret 
in  the  number  of  phases,  as  shown  in  Table  144. 

Table  144  gives  the  rating  of  a  converter  for  different  numbers 
of  phases,  the  output  as  a  direct-current  generator  i>eing  taken 
as  unity. 


LtUljH 

hidam 


RECTIFIERS:  THE  SYNCHRONOUS  CONVERTER        366 
TikBLB  144. — Effect  of  Nxtmber  of  Phases  and  of  Powbr- 

FAGTOB  ON  THE  OUTPUT  OF   A  SYNCHRONOUS  CONVERTER 


No.  OF 
Phases 

P.  F.-l.O 

P.  F.-0.9 

1 

0.85 

0.74 

D.  C. 

1.00 

1.00 

3 

1.33 

1.09 

4 

1.65 

1.28 

6 

1.93 

1.45 

12 

2.18 

1.58 

'he  considerable  gain  in  rating  obtained  by  operating  a  con- 
fer six-phase  is  the  reason  that  six-phase  converters  are  so  com- 


(a)  D.C.  and  A.cL  Onrrents  in  Oonduotor  6.  P.F=.  0.71 


(&)  Resultant  Current 
-.  326. — Effect  of  low  power-factor  on  current  in  conductor  at  slip-ring  tap. 

nly  used.  The  advantage  of  the  gain  obtained  by  operating 
live-phase  is  usually  offset  by  the  added  wiring  complications. 
46.  Effect  of  Power-factor  on  Converter  Rating. — The  rating 
I  efficiency  of  a  converter  decrease  much  more  tSb^vitj  ^VCo^ 
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decrease  in  power-factor  than  is  the  case  with  other  types  of 
alternating-current  machinery.  This  results  from  the  rapid 
increase  in  the  resultant  current  in  the  converter  armature  with 
phase  displacement  between  the  alternating  and  the  direct-cur- 
rent waves.  Assume  that  in  Fig.  325  the  alternating  ciurent 
lags  the  induced  electromotive  force  by  45°.  This  corresponds 
to  a  power-factor  of  0.71 .  For  the  same  power  and  electromotive 
force,  the  alternating-current  wave  must  be  increased  to  1/0.71, 
or  1.41,  times  the  value  shown  in  Fig.  325.  This  current  wave 
is  shown  in  Fig.  326(a).  It  is  to  be  noted  that  the  resultant 
wave  shown  in  Fig.  326(6)  has  been  increased  considerably  in 
magnitude  over  the  value  shown  in  Fig.  325(6).  Hence,  for  the 
same  heating  in  the  two  cases,  it  would  be  necessary  to  lowet] 
by  a  considerable  amount  the  output  of  the  converter  operatinf 
at  a  power-factor  of  0,71,  Tablfe  144  shows  the  large  reduction 
in  rating  caused  by  lowering  the  power-factor  from  unity  to  0.9. 

At  values  of  power-factor  other  than  those  near  unity,  the 
synchronous  converter  loses  most  of  its  advantages  over  the 
motor-generator  set.  Therefore,  a  converter  should  be  operated 
at  a  power-factor  which  is  very  nearly  unity. 

146.  Armature  Reaction  in  a  Converter.^At  unity  power- 
factor,  the  resultant  current  in  a  converter  armature  is  compara- 
tively small,  as  shown  in  Fig.  324(6),     Therefore,  the  armature 
reaction   is   correspondingly  small  and  there  is  practically  no 
distortion  of  the  field.     Ab  a  result,  the  machine  commutat^s 
very  much  better  than  when  operating  as  a  direct-current  gener- 
ator carrying  the  same  load.     When  the  power-factor  decreases, 
the  resultant  armature  current  increases,  as  shown  in  Fig.  326(it). 
As  the  rotational  losses  do  not  change  to  any  great  extent  with 
change  of  power-factor,  the  power  necessary  to  overcome  th< 
losses  changes  only  a  small  amount  with  change  of  power-fad 
Hence  the  energy  componerit  of  the  fundamental  of  the  resull 
current  changes  only  a  small  amount  with  change  of  powei^ 
factor,  since  the  power  necessary  to  rotate  the  armature  is  equal 
this  energy  component  tnultiplied  by  the  back  electromotive 
force.     Therefore,  at  power-factors  less  than  unity,  practicalljF'j 
the  only  current  which  is  added  to  the  energy  current  existing. 
unity  power-factor,  is  a  quadrature  current,  lagging  or  leadii 
the  induced  electromotive  force  by  90  time-degrees.     Only 
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energy  component  or  the  component  of  current  in  phase  with 
the  induced  electromotive  force  produces  cross  magnetisation 
(see  page  132).  When  the  converter  is  operating  direct,  any 
current  in  quadrature  with  the  induced  electromotive  force 
merely  strengthens  or  weakens  the  field,  depending  upon  whether 
the  current  lags  or  leads.  Consequently,  there  is  magnetizing 
action  upon  the  fields  when  the  current  lags  and  demagnetizing 
action  when  the  current  leads.  (See  Chap.  X,  Pars.  126  and  127, 
pages  309  and  312.)  As  a  result,  the  added  quadrature  current 
merely  strengthens  or  weakens  the  field  but  does  not  dist^ort  it. 
Hence  there  is  little  or  no  sparking  in  a  converter  armature  due 
to  field  distortion. 


It  will  be  remembered  (see  Vol.  I,  page  280),  that  in  a  direct- 
current  machine,  an  electromotive  force  of  self-induction  exists  in 
the  armature  coils  which  are  undergoing  commutation.  It  is 
desirable,  therefore,  that  a  counter  electromotive  force,  opposite 
and  equal  to  this  electromotive  force  of  aelf-induction,  be  in- 
duced in  these  coils.  Otherwise,  sparking  will  exist  even  if 
there  be  no  field  distortion.  In  a  direct-current  generator,  this 
counter  electromotive  force  is  obtained  either  by  moving  the 
brushes  ahead  of  the  neutral  plane  or  by  the  use  of  cQmrcm.t.a.'tvwt 


35S 


ALTERNATING  CURRENTS 


poles.  This  counter  electromotive  force  assists  the  current  in 
the  coils  undergoing  commutation  to  reverse,  and  better  commu- 
tation results.  This  same  electromotive  force  of  self-induction 
exists  in  the  converter  coils  which  are  undergoing  commutation. 
Therefore,  commutating  poles  are  used  in  converters,  particularly 
in  those  of  large  capacity,  in  order  to  improve  commutation. 
The  commutating  poles  need  not  be  as  strong  as  those  which  are 
required  for  a  direct-current  machine  of  the  same  rating,  as  there 
is  little  or  no  cross-magnetization  to  be  neutralized. 

The  resultant  current  in  the  armature  conductors  of  a  con- 
verter, under  ordinary  conditions  of  operation,  is  considerably 
less  than  either  the  alternating  or  the  direct  current.  Therefore, 
a  much  larger  commutator,  in  proportion  to  the  armature,  is 
required,  than  would  be  necessary  for  a  direct^current  generator 
having  an  armature  of  the  same  size.  Converter  armature! 
have  abnormally  large  commutators,  as  shown  in  Fig.  327. 

147.  Voltage  Control. — The  ratio  of  the  direct-current  electi 
motive  force  to  the  alternating-current  electromotive  force  in 
converter  armature  is  fixed,  regardless  of  field  excitation.  HoW^ 
ever,  the  ratio  of  brush  voltage  to  slip-ring  voltage  may  be  changes 
a  limited  amount  by  varying  the  field  excitation.  The  brual 
voltage  and  the  diametrical  alip-ring  voltage,  increased  byV? 
differ  from  each  other  by  the  impedance  drop  through  the  cott 
verter  armature.  If  this  impedance  drop  changes  either  ia 
phase  or  in  magnitude,  the  ratio  of  brush  voltage  to  slip-ring 
voltage  changes.  The  impedance  drop  may  be  varied  in  phaai 
and  in  magnitude  by  changing  the  excitation.  Weakening  th^ 
field  below  the  value  which  gives  unity  power-factor  makes  tlitt 
current  lag,  increases  its  value  and  lowers  the  induced  electro 
motive  force.  (See  page  313,  Fig.  290.)  Strengthening  the  fi( 
above  the  value  which  gives  unity  power-factor  makes  the 
lead,  increases  its  value  and  raises  the  induced  eleetromotr 
force.  (See  page  311,  Fig.  288.)  The  effect  of  changing  the  fie 
excitation  is  therefore  to  change  the  power-factor,  which  in  tin 
changes  the  magnitude  and  phase  of  the  impedance  drop  in  tJ 
armature,  as  has  already  been  explained  in  connection  with  tl 
synchronous  mot«r  (see  pages  311  and  313).  The  ratio  of  brud 
voltage  to  slip-ring  voltage  can  therefore  be  changed  in  this 
ner.     This  ratio  can  be  varied  by  only  2  or  3  per  cent,  above  ai 
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below  normal  and  the  voltage  ratio  and  the  jKiwer-factor  cannot 
be  adjusted  independently. 

Series  Reactance. — It  was  shown  in  Par.  133,  page  326,  that  the 
voltage  at  the  terminals  of  a  synchronous  motor  can  be  raised 
by  ovet^-exeitation  and  lowered  by  under-excitation,  provided 
there  is  sufficient  reactance  in  the  circuit  between  the  motor  and 
the  source  of  constant  voltage.  As  the  converter  is  operating 
on  its  alternating-current  side  as  a  synchronous  motor,  it  has 
excitation  characteristics  similar  to  those  of  the  synchronous 
motor.  That  is,  over-excitation  causes  it  to  take  a  leading  current, 
and  ujider-excitation  causes  it  to  take  a  lagging  current.  There- 
fore, with  series  reactance  in  the  alternating-current  line,  the 
alternating  voltage  may  be  raised  and  lowered  by  changing  the 
excitation  (see  Par.  133,  page  326).  This  may  be  accomplished 
by  hand  regulation  of  the  shunt-field  rheostat,  or  automatically 
by  means  of  a  regulator,  or  by  compounding  the  machine. 

Instead  of  using  special  series  reactances,  the  transformers, 
which  are  usually  necessary  with  a  converter,  may  be  designed 
to  have  sufficient  leakage  reactance  for  this  purpose. 

The  disadvantage  of  tJiis  method  of  voltage  control  is  that  a 
change  of  voltage  is  accompanied  by  a  change  of  power-factor. 
Lowering  the  power-factor  by  any  considerable  amount  is  not 
desirable,  because  of  the  decreased  efficiency  and  output  which 
result.  The  voltage  and  power-factor  cannot  be  changed  inde- 
pendently. Therefore,  this  method  is  usually  limited  to  less 
than  10  per  cent,  variation  above  and  below  the  normal  voltage, 

Induction  Regulator. ^-The  induction  regulator  has  already 
been  described  in  connection  with  the  induction  motor.  (See  ' 
page  275.)  This  type  of  regulator  may  be  connected  between  the 
transformers  and  the  converter,  and  the  alternating  voltage 
impressed  on  the  converter  terminals  may  be  raised  and  lowered 
thereby.  This  changes  the  direct-current  voltage  by  a  cor- 
responding amount.  Under  these  conditions  the  voltage  may  be 
raised  independently  of  power-factor,  but  the  extra  equipment 
is  an  objection  to  the  use  of  the  induction  regulator. 

Series  Booster. — A  low-voltage  alternator  in  often  connected  to 
the  shaft  of  the  converter.  This  alternator  has  the  same  number 
of  poles  as  the  converter.     The  armature  of  the  alternator  is  con- 

9cted  in  series  with  the  alternating  current  lines  supplying  the 
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converter,  as  shown  in  Fig.  328.  By  raising  the  field  of  the  alter- 
nator or  booster,  the  alternating  voltage  of  the  converter  is  raised. 
The  converter  voltage  may  be  lowered,  not  only  by  decreasing 
the  booster  field,  but  by  reversing  it  as  weU. 

When  the  booster  voltage  is  assisting  the  converter  voltage, 
the  booster  acts  as  an  alternator  and  takes  mechanical  power  from 
the  converter  armature.  This  increases  the  energy  compoaeot 
of  the  resultant  armature  current  in  the  converter  and  hence 
changes  the  cross-magnetizing  effect  of  the  armature.  When  Uie>  ■ 
booster  voltage  bucks  the  converter  voltage,  the  booster  receive 
electrical  energy  and  delivers  mechanical  energy  to  the  convert) 


ith  Beriea  booster. 


shaft.  That  is,  it  operates  as  a  synchronous  motor  and  tends  to 
drive  the  converter  mechanically.  Therefore,  the  energy  curreot 
in  the  converter  armature  is  decreased  and  may  even  be  reversed. 
This  causes  a  variation  of  the  cross  magnetization  which  in  turn 
requires  that  the  strength  of  the  commutating  poles  be  changed 
accordingly.  This  is  accomphshed  by  separate  windings  on  the 
commutating  poles,  the  current  in  these  windings  being  controlled 
by  the  booster  field -rheostat.  (For  further  information,  see 
Standard  Handbook,  Sec.  9.)  The  distinct  advantage  of  this 
method  of  control  is  that  the  voltage  may  be  varied  independ- 
ently of  power-factor.  The  objection  to  this  type  of  voltage 
control  is  the  additional  machine.  Figures  329  and  330  show 
converters  having  booster-generators. 

Transformer  Taps. — The  converter  voltage  may  be  adjusted 
approximately  to  the  desired  value  by  taps  on  the  transformers. 
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Owing  to  the  arcing  and  burning  of  sliding  contacts,  the  use  of 
transformer  taps  is  not  common  for  adjustment  during  operation. 
The  use  of  taps  for  fixed  adjustment  of  voltage  is,  however, 
common. 

Split-pole  Converter.— The.  split-pole  converter  is  based  on  the 
following  principlfi: 

The  total  direct- current  electromotive  force  generated  depends 


on  the  total  flux  between  brushes,  irrespective  of  the  manner 
in  which  this  flux  is  distributed.  The  alternating  electromotive 
force  depends  on  the  form  of  the  flux  wave,  as  well  as  on  the 
total  flux.  Therefore,  if  the  distribution  of  the  flux  be  altered 
without  changing  its  total  value,  the  alternating  electromotive 
force  may  be  altered  in  value,  but  the  direct-current  electromotive 
force  will  not  be  aff'ected. 


ALTERNATING  CURRENTS 

In  the  split-pole  converter,  the  form  of  the  alternating  electro- 
motive force  wave  is  varied  by  means  of  auxiliary  poles  adjacent 
to  the  main  polee.  The  main  poles  are  excited  by  the  main-field 
winding,  and  the  auxihary  poles  by  a  separate  winding.  By 
changing  the  auxiliary  excitation  in  conjunction  with  the  excita- 
tion of  the  main  winding,  the  wave  form  of  the  alternating  elec- 
tromotive force  may  be  changed,  thua  varying  the  ratio  of  the 
alternating-current  to  the  direct-current  electromotive  force. 


— WostinghousB  syDchronouH 


The  brushes  in  a  generator  must  be  moved  Junfua,  m  uj 
that  the  machine  may  commutate  in  the  fringe  of  a  leading  p 
tip  (see  Vol.1,  page  285,  Par.  197).     To  balance  the  electromotivi 
force  of  self-induction,  the  brushes  of  the  split-pole  convert 
must  be  moved  forward,  in  order  to  commutate  in  the  fringe 
leading  pole-tip.  Fig,  331.     This  fringe  must  come  from  the  n 
poles,  for  their  flux  is  nearly  constant  in  strength,  whereas  t 
flux  of  the  auxiliary  pole  is  varied  over  a  wide  range  and  may  b 
reversed  even.     Therefore,  in  a  direct  synchronous  converter,  t 
armature  must  rotate  from  main  to  auxiliary  pole,  Fig.  '< 
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whereas  in  an  inverted  synchronous  converter,  the  armature  must 
rotate  from  auxiliary  to  main  pole. 


i 


j^ 


t-«ouDd,  split-pole 


Figure   332   shows   a    General   Electric,   split-pole  converter 
without  commutating  poles. 


A 
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148.  Experimental  Determination  of  Voltage  and  CunenI 
Relations  in  a  Converter. — An  instructive  laboratory  experimeot 
is  carried  out  with  a  converter  connect-ed  in  the  manner  shown  in 
Fig.  333.  The  series  reactances  may  be  omitted  if  the  trans- 
formers themselves  have  sufficient  leakage  reactance.  Connect 
instruments  to  measiu'e  the  three-phase  input,  a  voltmeter  to 
measure  the  transformer  primary  voltage,  a  voltmeter  to  mena- 
nre  the  slip-ring  voltage,  ammeters  to  measure  the  currents 
between  the  transformer  secondaries  and  the  converter,  direct- 
current  instruments  to  measure  the  converter  output,  and  a 
direct-current  ammeter  to  measure  the  field  current. 

Keep  the  load  on  the  converter  constant  at  its  rated  value, 
Vary  its  field  over  the  maximum  range  of  operation,  reading  ail 
instruments.     With  field  current  as  abscissas,  plot  as  ordinate:; 


1.  Voltages  Fi,  V^,  V„  and  Vt. 

2.  Efficiency  of  the  entire  unit. 
,  Power-factor. 

Also,  check  the  currents  by  the  equations  of  Par.  142,  page  350, 
Note  the  effect  of  power-factor  on  efficiency. 

Other  experiments  may  be  performed  using  these  same    con- 
nections, such  as  keeping  the  field  current  constant  at  its  normal 
no-load  value  (P.P.  =  1.0)  and  noting  the  changes  in  efficiency 
and  power-factor  as  the  load  is  increased.     Plot  efficiency  aad^a 
power-factor  as  ordinates  with  output  as  abscissas. 

149.  Synchronous-converter  Cotmections. — Transformers  s 
usually   necessary   with   synchronous   converters.     The   dire 
current  voltage  is  always  low  and  the  alternating  voltage  a 
slip-rings  must  be  still  less.     Moreover,  transformers  are  e 
sary  for  obtaining  a  six- phase  from  a  three-phase  system. 
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Isually,  the  transformer  primaries  may  be  connected  either  in 
ir  in  delta.  The  most  common  six-phase  connections  for  the 
isforraer  secondaries  are  the  "diametrical,"  the  star,  and  the 
ble-Y.     {See  Fig.  321,  page  350.)     The  difference  between 

diametrical  and  the  star  is  that  the  secondaries  are  con- 
ied  together  at  the  neutral  point  in  the  star,  whereas  three 
irate  secondaries  are  connected  across  diametrically  opposite 
its  in  the  diametrical  connection.  There  is  no  difference 
veen  the  double-Y  and  the  star  if  the  neutrals  of  the  two  Y- 
ems  are  connected  together.  Other  than  a  slight  effect  on 
nonica,  and  the  fact  that  a  neutral  is  available  in  the  double- 
here  is  little  difference  in  the  use  of  the  three  connections, 
pt  with  the  split-pole  converter. 

the  induced  electromotive  force  of  the  converter  armature 
ains  harmonics,  there  will  be  no  circulatory  current  within 
armature  itself,  for  in  the  direct-current  type  of  armature 
I  as  is  used  for  the  converter,  any  electromotive  force  induced 
?r  a  given  pole  in  one  part  of  the  armature  is  opposed  by  an 
jsite  and  equal  electromotive  force  induced  under  an  opposite 
,  However,  if  the  line  voltage  is  practically  sinusoidal  and 
induced  electromotive  force  of  the  converter  contains  har- 
ic5,  there  will  be  unbalanced  harmonic  voltages.  The 
ent  due  to  these  unbalanced  voltages  will  consist  entirely  of 
tionics  which  contribute  no  energy  but  do  heat  the  armature 
transformers. 
lis  effect  is  negligible  in  the  ordinary  converter,  but  in  the 

pole  type,  the  voltage  control  depends  on  the  introduction 
iFge  harmonic  voltages  into  the  electromotive  force  wave. 
■efore,  when  this  type  of  converter  is  used,  the  transformer 
.ectlons  must  be  so  chosen  that  as  many  as  possible  of  the 
c  currents  are  eliminated.     Most  three-phase  transformer 

ections  eliminate  the  third  harmonic  current  and  its  multi- 

with  the  following  two  exceptions.     The  primaries  cannot  be 

ected  in  delta  if  the  secondaries  are  connected  either  diamet- 
,  six-phase  star  or  double-Y,  with  the  neutrals  of  the  two 

stems  connected  together,  for  the  third  harmonic  currents  in 
teeondaries,  due  to  unbalanced  harmonic  voltages,  will  cause 
[  harmonic  currents  to  circulate  in  the  primary  delta,  producing 
I  heating  in  the  converter  armature  and  in  the  transformers. 


r 
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If  the  transformer  primaries  be  connected  in  Y,  with  no  neutra) 
connection,  no  third  harmonic  currents  or  multiples  thereof  can 
flow  into  the  Y,as  these  currents  are  all  in  phase  with  one  another. 
In  order  that  currents  may  flow  to  a  common  point,  there  must  be 
phase  difference,  as  the  currents  flowing  toward  the  point  munt 
be.  equal  to  the  currents  leaving  the  point  at  any  instant,  or 
electricity  will  accumulate  at  the  point.  If  no  third  harmonic 
currents  can  flow  in  the  transformer  primaries,  none  can  flow  in 
their  secondaries,  hence  there  will  be  no  circulatory  harmonic 
currents  between  the  transformer  secondaries  and  the  converter 
armature  if  the  primaries  are  connected  in  Y  without  a  neutral 
connection  to  the  main  generator.     However,  if  the  neutral  of 


Pio.  334.— Double-delta 


the  transformer  primaries  be  carried  back  to  the  ma 
atorj  the  third  harmonic  currents  and  multiples  thereof  ( 
return  to  the  generator  through  the  neutral.  Therefore,  i 
secondaries  cannot  be  connected  either  diametrical,  six-ph* 
star,  or  double-Y  with  inter-connected  neutrals,  if  the  primu 
are  connected  in  Y  with  a  neutral  return  to  the  generator. 

The  harmonic  currents  other  than  the  third  and  multifd 
thereof  are  not  eliminated  by  three-phase  connections,  but  tl 
are  reduced  to  small  values  by  the  use  of  series  reactances  o 
using  transformers  having  high  leakage  reactance. 

Figure  322,  page  351,  shows  the  connections  for  a  500  li 
conveiler  and  transformers  taking  power  from  6,600-volt,  ■ 
phase,  60-cycle  mains  and  delivering  550  volts  direct  curr 
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The  transformer  primaries  are  connected  in  delta,  and  the  second- 
|l  iries  can  be  connected  either  diametriclil,  star,  or  double-Y. 
(If  this  were  a  spht-pole  type  of  converter,  the  primaries  could  not 
be  connected  in  delta,  but  they  must  be  connected  in  Y  without 
neutral  return  to  main  generator.)  The  advantage  of  the  star 
and  the  inter-conneeted  double-Y  connection  is  the  fact  that  a 
neutral  is  accessible.  The  voltages  and  currents  at  each  part 
of  the  system  are  shown.  Unity  power-factor,  98  per  cent. 
efficiency  for  the  transformers  and  95  per  cent,  efficiency  for  the 
Converter  are  assumed. 

The  double-delta  connection  of  secondaries  may  also  be  used. 
Such  a  connection  for  a  converter  is  shown  in  Fig.  334.  The 
Arrows  point  in  the  relative  directions  in  which  the  voltages  act. 
No  neutral  is  available  if  this  method  of  connecting  the  trans- 
formers is  used. 

160.  The  Inverted  Synchronous  Converter. — When  a  converter 
operates  from  a  direct-current  source  and  delivers  alternating 
current,  it  is  known  as  an  inverted  synchronous  converi;er.  The 
direct-current  side  has  characteristics  very  similar  to  those  of  a 
shunt  or  compound  motor.  The  alternating-current  side  has 
characteristics  very  similar  to  those  of  an  alternator.  A  con- 
verter when  operating  inverted  has  the  same  rating  as  when 
operating  direct.  When  operating  from  the  alternating-current 
supply,  the  speed  of  the  converter  must  be  in  synchronism  with 
the  supply,  and  hence  constant.  When  operating  from  the  direct- 
current  supply,  the  speed  is  determined  by  the  back  electromotive 
force  and  the  flux,  just  as  in  any  direct-current  motor,  and  the 
speed  may  vary.  In  fact,  at  times  there  is  a  tendency  for  the 
inverted  converter  to  race,  so  that  inverted  converters  should 
have  speed-limiting  devices.  An  inductive  load  on  the  alternat- 
ing-current side  weakens  the  field  through  armature  reaction,  in 
the  same  manner  that  the  field  of  an  alternator  is  weakened  under 
similar  conditions.  The  weakening  of  the  field  increases  the 
speed  of  the  converter.     This  increased  speed  causes  the  current 

to  lag  still  more  (tan  9  =  ~~3~),  because  of  the  increased 
frequency.  As  the  effect  is  cumulative,  and  may  cause  the 
armature  to  reach  dangerous  speeds,  the  necessity  for  using  a 
speed-limiting  device  is  obvious. 
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A  centrifugal  device  ia  often  used  to  trip  the  circuit-breaker 
when  the  speed  exceeds  the  safe  value.  Another  method,  not 
often  used,  is  to  have  an  exciter  on  the  converter  shaft.  As  the 
speed  increases,  the  exciter  voltage  increases  and  the  converter 
field  is  strengthened.  This  tends  to  check  the  increase  of  speed 
of  the  converter. 

Inverted  converters  will  operate  satisfactorily  in  parallel  on 
the  alternating-current  side,  any  converter  being  made  to  take 
more  load  by  weakening  its  field. 

161.  Starting  the  Synchronous  Converter  from  the  Altematiag' 
current  Side. — There  are  several  methods  of  starting  direct  syn- 
chronous converters,  some  of  which  are  similar  to  the  methods 
used  with  the  synchronous  motor. 

If  polyphase  currents  are  supplied  to  the  armature,  a  rotating 
field  is  produced  about  the  armature.  Fig.  335.  This  is  simiks 
to  the  rotating  field  of  the  induction  motor,  except  that  it 
produced  by  a  rotat: 
armature  about  itself.  If  tiiS 
armature  speed  is  below  syn- 
chronism, this  field  cuts  the 
pole  faces  and  the  damper 
windings  (Fig.  339),  and  in- 
duces currents,  A  reaction 
results  between  the  rotating 
field  and  these  induced  cur- 
rents, producing  rotation. 

When  starting  the  converter 
in  this  manner,  several  precau- 
tions are  necessary.  The 
armature  is  the  primary,  and 
the  shunt  field  coils  are  the 
secondary  of  a  transformer, 
the  secondary  having  a  veiy 
large  number  of  turns.  The  rotating  armature  field,  there- 
fore, induces  very  high  voltages  in  the  field  coils  on  starting  acd 
tends  to  puncture  them.  To  reduce  this  voltage,  the  field  is 
usually  split  into  sections  by  a  field-splitting  or  sectionalizing 
switch.  Figure  336  shows  the  connections  of  a  three-pole  switch 
used  to  sectionalize  the  field  circuit  of  a  four-pole  converter 


Fio.  335. — Relative  dirertiona  of  rt 
tion  of  the  armature  and  pf  the  rotat 
field  produced  by  the  armature. 
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Dur  parta.     This  sectionaltzing  switch  should  be  open  when  starting 
"om  the  aUernating-current  sirfe. 

If  there  be  a.  switch  short-circuiting  the  series  field,  this  should 
e  opened,  as  otherwise  the  currents  generated  in  the  series  field 
y  the  transformer  action  of  the  armature  will  cause  undue  heat- 
ig.  If  there  be  a  seriea-iidd  shunt  or  diverter,  this  should  be 
pened  for  the  same  reason. 

The  rotating  field  produced  by  the  armature  cuts  the  armature 
inductors,  Fig.  335,  just  as 

the  armature  were  rotate 
ig  and  cutting  the  flux  of  a 
^tionary  field,  as  in  the 
irect-current  generator. 
'his  field  induces  voltages 
1  the  armature  coils.  Some 
E  these  coils  are  ahort- 
ircuited  by  the  brushes,  so 
hat  sparking  results  under 
he  brushes,  even  though 
here  is  no  direct^-current 
sad.  This  sparking  may 
lot  be  severe,  as  the  rotat- 
ng  field  is  comparatively 
jeak  in  the  interpolar 
paces  where  the  brushes  are,  because  of  the  high  reluctance  of 
be  air  path  at  these  points.  However,  if  interpoles  are  used, 
he  reluctance  of  the  interpolar  space  is  reduced  very  materially 
5  that  sparking  becomes  severe.  Consequently,  brush-raising 
evices  are  usually  installed  on  ioterpole  machines,  to  lift  the 
rushes  on  starting  and  so  eliminate  this  sparking.  One  brush 
1  a  positive  brush-holder  and  one  brush  in  a  negative  brush- 
older  are  usually  left  on  the  commutator  to  supply  the  field 
KcitatioQ.  In  order  to  reduce  the  sparking  caused  by  these 
ivo  brushes  short-circuitng  armature  coils  in  which  electromotive 
irces  are  induced  by  the  rotating  field,  these  brushes  are  often 
eveled  so  that  the  time  of  short-circuiting  is  reduced  to  a 
linimura.  Converters  are  started  at  reduced  voltage,  obtained 
■om  taps  on  the  transformer  secondaries,  although  starting 
ampensators  are  used  at  times  in  the  units  of  smaller  size. 
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As  a  rule,  converters  excite  their  own  shunt  fields.  The  arna- 
ture  rotates  in  a  direction  opposite  to  that  of  the  rotating  field 
which  is  set  up  about  it,  Fig.  335.  Therefore,  as  the  armature 
approaches  synchronism,  the  rotation  of  this  field  becomes  slower 
and  slower  with  respect  to  the  field  structure,  as  the  rotating  field 
rotates  in  one  direction  and  the  armature  in  the  opposite  dirw- 
tion.  The  field  poles  themselves,  which  are  magnetiwd 
alternately  north  and  south  by  this  field,  become  more  and  more 
slowly  magnetized  as  the  armature  approaches  synchronism. 
Finally,  due  to  hysteresis  action,  (see  Chap.  X,  page  321,  Par. 
130),  the  poles  themselves  become  pennanently  magnetized 
through  armature  reaction,  and  the  armature  pulis  into  synchro- 
nism in  a  manner  similar  to  that  of  the  salient-pole  synchronous 
motor  when  started  in  this  manner. 

When  the  shunt-field  switch  is  closed,  the  field  produced  by  the 
shunt  winding  may  oppose  the  field  built  up  in  the  field  poles  by 
armature  reaction.  Consequently  there  is  a  tendency  for  the 
armature  to  slip  a  pole.  Should  the  armature  slip  a  pole,  the 
direct-current  voltage  at  the  brushes  reverses.  This  reveraea 
the  shunt-field  current,  which  again  causes  the  converter  to  slip 
a  pole.  This  action,  unless  checked,  may  continue  indefinitely. 
It  may  be  stopped  by  reversing  the  shunt  field  current  by  means 
of  the  field-reversing  switch,  Fig.  336. 

It  often  happens  that  the  direct-current  field  is  not  strong 
enough  to  cause  the  armature  to  slip  a  pole,  because  the  field 
voltage  may  be  low,  due  to  the  alternating  voltage  being  redueed 
through  the  starting  taps.  However,  the  tendency  exists,  and 
due  to  the  resulting  distortion  of  the  pole  fiux,  the  brushes  are  no 
longer  in  the  comrautating  zone.  The  brush  voltage  is  thereby 
reduced,  which  again  lowers  the  tendency  to  shp  a  pole.  The 
converter  will  continue  to  run  under  these  conditions,  but  it  will 
take  a  large  current  at  low  power-factor,  will  spark  at  the 
brushes,  and  its  operation  will  be  unsatisfactory.  By  reversing 
the  field  current,  however,  normal  operating  conditions  can  be 
obtained. 

162.  Methods  of  Obtaining  Correct  Polarity. — It  is  important 
that  the  converter  always  come  up  with  the  same  direct-current 
polarity,  as  it  may  be  operating  in  parallel  with  other  apparatus. 
As  has  just  been  pointed  out,  the  converter  may  build  up  with 
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either  polarity.     If  this  polarity  happens  to  be  wrong,  there  are 
Several  methods  of  correcting  it. 

Below  are  given  some  of  these  methods.  The  starting  compensa- 
tor or  transformer  taps  are  assumed  to  be  in  the  starting  positions. 

(a)  Open  the  shunt-field  circuit  and  then  open  the  line  switch 
long  enough  for  the  converter  to  slip  one  pole.  This  can  be 
determined  very  readily  with  a  stroboscope.  Close  the  field 
switch  and  then  throw  the  alternating-current  switch  quickly 
into  the  running  position.  With  a  little  practice  this  operation 
can  be  readOy  performed. 

(b)  Reverse  the  shunt  field  by  means  of  the  field-reversing 
switch.  This  causes  the  machine  to  slip  a  pole  and  so  reverses 
the  direct-current  voltage,  making  it  correct.  If  left  this  way 
the  machine  will  continue  slipping,  one  pole  at  a  time,  as  has  just 
been  pointed  out.  Therefore,  the  shunt-field  switch  must  be 
thrown  back  immediately  to  its  original  position. 

(c)  When  the  converter  is  first  connected  across  the  alternat- 
ing-current line,  the  rotating  field  produced  by  the  armature  cuts 
the  armature  conductors  and  generates  alternating  currents  in 
these  conductors,  as  has  already  been  pointed  out.  The  brushes  are 
stationary  and  the  field  rotating,  so  there  is  no  commutating 
action.  Therefore,  there  is  an  alternating  electromotive  force 
of  line  frequency  across  the  brushes  at  the  instant  of  starting. 
The  armature  rotates  in  a  direction  opposite  to  that  of  its  rotating 
field,  because  of  the  reaction  with  the  pole-face  currents.  This  is 
illustrated  by  Fig.  335,  The  rotating  field  about  the  armature  is 
shown  as  rotating  clockwise.  A  conductor,  such  as  the  pole 
faces,  when  placed  in  this  field,  would  tend  to  rotate  clockwise. 
That  is,  if  the  armature  were  held  stationary,  the  field  structure 
would  tend  to  rotate  in  the  direction  of  the  rotating  flux  produced 
by  the  armature,  or  in  a  clockwise  direction.  Therefore,  the 
torque  produced  by  this  rotating  flux  is  in  such  a  direction  that 
it  tends  to  cause  the  field  structure  to  rotate  in  a  clockwise 
direction.  However,  the  field  structure  is  fixed  in  position  and 
the  armature  is  free  to  rotate.  The  reaction  between  the  two 
remains  unchanged.  Consequently  the  armature  will  rotate  in 
a  counter-clockwise  direction.  The  relative  motion  between  arm- 
ature and  field  structure  is  the  same  as  if  the  armature  were 
stationary  and  the  field  were  free  to  rotate. 
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FiQ.  337.— Method  of  ob 
polarity  by  cloBiog  equalizer 
B  witches. 


As  the  Speed  of  the  armature  increases,  the  field  produced  by 
it  must  rotate  slower  and  slower  in  space,  although  it  does  not 
change  its  speed  relative  to  the  armature.  The  brushes  tend  to 
become  more  and  more  nearly  stationary  with  respect  to  thia 
rotating  field,  so  that  their  commutating  action  becomes  greater 
and  greater.  The  frequency  of  the  electromotive  force  afiroaa 
the  brushes  becomes  less  and  less,  and  when  the  armature  finally 
pulla  into  synchronism,  becomes  zero,  and  a  direct-current  voltage 
exists  across  the  brushes. 

If  a  direct-current  voltmeter  bo  connected  across  the  brushea, 
_g_^  its  pointer  will  tend  to  os- 

cillate at  line  frequency 
when  the  alternating  ci 
rent  ia  first  switched  c 
As  the  armature  speeds  uiv" 
this  frequency  becomes  Ie«ft 
and  less,  and  the  pointers 
I  correct  soon  able  to  follow  the  alon 
iries-field  oscillations.  When  the  fr 
quency  of  oscillation  b 
comes  very  low  and  the  pointer  is  just  going  through  zero  k 
the  positive  direction,  the  field  switch  should  be  closed.  Thi 
insures  the  converter's  coming  in  with  the  correct  polarity, 
zero-center  type  of  voltmeter  is  desirable  when  this  method  i 
employed. 

(d)  If  the  converter  operates  in  parallel  with  others,  and  6' 
izers  are  used,  a  weak  field  of  the  correct  polarity  may  be  pr* 
duced  in  the  field  of  the  incoming  converter  by  closing  a  line  aM 
an  equalizer  switch,  as  indicated  in  Fig.  337.  This  tends  to  maS 
the  armature  reaction  build  up  fields  of  the  correct  polarity  ai 
so  insures  the  converter  coming  in  properly. 

163.  Starting  Synchronous  Converter  by  Means  otanA 
ary  Motor. — As  was  pointed  out  in  Chap.  X,  one  method  ) 
starting  a  synchronous  motor  is  to  bring  it  up  to  speed  with  M 
auxiliary  motor  and  then  synchronize.  (See  page  320,  Par.  ISOJ 
This  same  method  may  be  used  with  the  converter.  The  a 
thods  of  synchronizing  are  identical  with  those  used  with  t 
alternator.  {See  page  168,  Par.  74.)  This  method  of  t 
is  practically  obsolete. 
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154.  Starting  Synchronous  Converter  from  the  Direct- 
Current  Side. — ^If  sufficient  direct-current  power  is  available, 
tie  converter  may  be  started  from  the  direct-current  side,  starting 
a.s  a  shunt  motor.  When  started  in  thb  manner,  the  aeries  field 
stould  be  short-circuited,  as  it  will  oppose  the  shunt  field  when 
-he  machine  operates  as  a  motor  and  will  therefore  reduce  the 
Jtarting  torque.  The  transformer  secondaries  are  short-circuita 
>n  the  direct-current  armature  at  starting,  as  the  frequency  is 
sero  and  their  resistance  is  very  low.  This  is  particularly  true 
f  the  brushes  happen  to  be  resting  on  commutator  segments 
vhich  are  connected  directly  to  the  slip-ring  taps.  Therefore, 
-he  transformers  should  be  disconnected.  The  proper  speed  is 
>btained  by  adjusting  the  shunt  field.  As  there  is  practically  no 
'oltage  control  in  the  simple  converter  when  operating  in  this 
nanner,  it  is  not  always  possible  to  adjust  the  alternating  voltage 
o  a  value  equal  to  that  of  the  line.  To  prevent  any  disturbance 
vhich  may  result  from  synchronizing  at  a  voltage  other  than 
)us-bar  voltage,  some  of  the  starting  resistance  is  often  left  in 
,he  armature  circuit  until  after  the  machine  has  been 
iynchrouized. 

155.  Parallel  Operation  of  Synchronous  Converters. — Syn- 
ihronous  converters  may  be  operated  in  parallel  on  the  direct- 
iurrent  side,  just  as  shunt  and  compound  generators  are  similarly 
jperated.  If  one  series  field  winding  be  used  on  each  machine, 
inly  one  equalizer  is  necessary.  If  the  machine  is- a  three-wire 
!onverter  and  is  compounded,  there  will  be  two  series  fields,  as 
ihown  in  Fig,  338,  In  this  case  two  equalizer  switches  are 
uecessary.  (See  Vol.  I,  page  376,  Fig.  338.)  The  loads  are 
shifted  by  changing  the  voltages  of  the  converters,  either  by 
field  control  or  by  any  of  the  other  methods  already  described. 

Better  operation  is  obtained  if  each  converter  has  its  own 
transformer  bank,  rather  than  by  having  a  single  bank  supplying 
all  the  converters.  This  introduces  more  or  less  reactance 
between  converters  and  stabilizes  their  operation.  It  may  even 
be  necessary  to  install  series  reactances  in  the  transformer  leads. 

The  alternating  side  of  a  converter  may  be  accidentally  opened 
by  a  circuit  breaker  or  otherwise,  while  the  direct-current  side 
may  still  be  connected  to  a  source  of  power,  such  as  other  convert- 
ers or  a  storage  battery  across  the  bus-bars.     The  converter  will 
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then  tend  to  operate  as  a  ahunt  motor,  usually  with  a  weakened 
field,  due  to  the  differential  action  of  the  compound  winding. 
Under  these  conditions  the  converter  may  tend  to  race.  There- 
fore, converters  are  usually  equipped  with  reverse-energy  relays. 
on  the  direct-current  side,  or  else  the  direct-current  breakers  are 


./Tnnnnnp— 


interlocked  with  the  alternating-current  ones,  so  that  the  direct: 
current  side  will  be  opened  simultaneously  with  the  alternating' 
current  side. 

The  Tesultant  current  in  the  converter  armature  conductoB 
produces  the  torque  which  overcomes  the  stray-power  losses  of 
the  converter.  This  resultant  currait 
is  the  difference  of  two  nearly  equal 
currents,  as  has  already  been  demMh 
strated.  A  small  percentage  change  ioi 
either  the  motor  current  alone  or  in  tbi 
generator  current  alone  produces  a  largJH 
percentage  change  in  this  torque  current 
Therefore,  the  converter  is  very  sensitiyft 
to  line  disturbances,  such  as  fluctuatM 
of  voltage  or  of  frequency.  Accoii 
ingly,  it  has  a  much  greater  tendency! 
"hunt"  than  has  the  synchronous  mota 
For  this  reason,  converters  always  have  amortisseur  or  damp< 
windings    or  grids   built   around  and  into  the  poles,  as  shoii 
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synchronous  motor  described  on  page  318,  Par.  129,  except  that 
the  windings  are  now  stationary  in  apace.  The  armature  which 
produces  the  rotating  field  rotates  at  synchronous  speed  in  one 
direction  and  the  rotating  field  itself  rotates  at  synchronous  speed 
m  the  opposite  direction  with  respect  to  the  armature.  Under 
lormal  operation  therefore,  the  field  is  stationary  in  space  with 
"espect  to  the  aiuortisseur  windings. 

156.  The  Three-wire  Converter. — It  is  pointed  out  in  Vol.  I, 
^hap.  XII,  that  the  neutral  of  a  3-wire  system  may  be  obtained 
iy  the  use  of  two  or  more  slip-rings  connected  to  the  direct- 
-lirrent  armature.  A  reactance  coil  is  connected  across  these 
lip-rings  and  alternating  current  flows  through  this  reactance. 
C"he  direct-current  neutral  is  connected  to  the  middle  point  of 
tis  reactance  and  the  direct  current  of  the  neutral  divides  and 


) 


•lo.   340.— D.    C.    neutral    obtained    from    neutral    of    4-phase,    dianietrieaJly- 
connectcd  truuafonnerB. 

lasses  back  into  the  armature  through  the  reactance.  The 
eactance  has  a  low  resistance  and  has  practically  no  effect  on 
he  direct  current. 

It  is  to  be  noted  that  a  synchronous  convert.er  with  the  proper 
.ransformer  connections  provides  a  neutral  point  for  just  such  a 
lirect-current  neutral.  For  example,  if  a  six-phase,  doublc-Y, 
)r  a  six-phase  star,  Fig.  338,  a  four-phase  star.  Fig.  340,  or  a 
;hree-phase  Y-connection  of  transformer  secondaries  be  used, 
m  excellent  neutral  is  provided. 

In  the  first  two  of  these  connections,  the  direct  current  flows  in 
>pposite  directions  through  the  two-halves  of  each  transformer 
ieeondary,  so  there  is  no  direct-current  magnetizing  action  on 
jhe  core.  In  the  Y-connection,  however,  this  is  not  the  case 
md  the  magnetizing  action  of  the  direct  current,  acting  in  con- 
unction  with  that  of  the  alternating  current,  produces  an  un- 
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symmetrical  cyclic  magnetization  of  the  iron.     This  is  undesir- 
able, as  it  results  in  an  increased  magnetizing  current  whose 
positive  and  negative  values  will  be  unequal  and  dissimilar.    By 
splitting  each  transformer  secondary  into  two  sections,  a^a'^ 
6,6',  and  CyC\  Fig.  341,  and  connecting  as  indicated,  it  will  be 
observed  that  the  direct  current  flows  in  opposite  directions  in 


Current  retnrniny  in  neotrd 
"^D.  C.  Neutral 


>4 

Primaries 

Seoondaries 

Fia.  341. — Zig-zag  connection  of  three-phase  secondaries  for  eliminating  D.  C. 

magnetizing  of  transformer  cores. 

the  two-halves  of  each  secondary  winding,  and  consequently,  has 
no  appreciable  magnetizing  effect. 

Figure  338  shows  the  complete  connection  for  a  six-phase, 
220-volt,  three-wire  converter,  having  two  series  fields  and  with 
the  direct-current  neutral  connected  to  the  neutral  of  the  double- 
Y  connected  transformer  secondaries.  Figure  340  shows  a 
direct-current  system  supplied  by  a  four-phase  converter,  the 
neutral  being  obtained  through  two  star-connected  transformers. 


CHAPTER  Xn 
TRANSMISSION  OF  POWER  BY  ALTERNATING  CURRENT 

157.  Transmission  Systems. — To  transmit  powereeonomimlly 
over  considorable  distances,  it  is  necessary  that  the  voltage  be 
high.  High  voltages  are  readUy  obtainable  with  alternating 
current.  As  high  as  15,000  volts  may  be  generated  directly. 
For  voltages  in  excess  of  this  it  is  desirable  to  use  transformers, 
as  it  is  difficult  U>  insulate  the  generators  for  these  higher  voltages. 
The  transmission  voltage  is  usually  too  high  for  commercial 
uses,  but  for  purposes  of  distribution  it  may  be  stepped  down 
to  the  desired  value  by  the  use  of  transformers. 

Direct-current  voltages  for  commercial  power  can  be  raised 
and  lowered  only  by  machines  having  rotating  commutators. 
The  efficiency  of  such  apparatus  is  not  high,  and  operating  diffi- 
culties are  encountered  in  connection  with  the  commutators, 
even  at  comparatively  low  voltages.  Hence,  alternating  current 
is  nearly  always  used  for  transmission  purposes.  (The  one 
exception  is  the  Thury'  System  in  Europe.)  Where  considerable 
power  is  involved,  polyphase  systems  are  used  because  of  the 
many  advantages  of  polyphase  over  single-phase  systems.  For 
example,  polyphase  motors  are  considerably  cheaper  and  lighter 
than  single-phase  motors  of  equal  rating  and  as  a  rule  have  better 
operating  characteristics.  The  output  of  generators  when 
operating  polyphase  is  much  greater  than  when  operating  single- 
phase.     (See  page  76.) 

Of  the  polyphase  systems,  the  three-phase  system  is  generally 
used  for  transmission,  although  the  employment  of  two-phase  for 
distribution  purposes  is  not  uncommon.  The  three-phase  system 
has  the  advantage  that  it  requires  the  least  number  of  conduc- 
tors of  all  the  polyphase  systems;  the  voltage  unbalancing  even 
with  unbalanced  loads  is  not  usually  serious;  and  for  a  given 
voltage  between  conductors,  with  a  given  power  transmitted  a 
given  distance  with  a  given  hne  loss,  the  three-phase  system 

'Se«  Vol.  1,  Page  303.  and  also  ".Standard  Handbook,"  Fifth  Edition, 
Section  XI. 
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requires  only  75  per  cent,  as  much  copper  as  either  the  aingle- 
phase  or  the  two-phase  system. 

The  single-phase  system  is  used  in  railroad  electrification, 
where  single-phase  power  ia  supplied  at  the  trolley.  The  most 
notable  examples  of  this  are  the  New  York,  New  Haven  and 
Hartford  Railroad  and  the  Norfolk  and  Western  Railway. 

When  the  voltage  is  so  high  as  to  make  transformers  necessary, 
the  power  is  usually  generated  at  6,600  volts.  This  voltage  is 
not  so  high  as  to  make  difficult  the  proper  insulation  of  the  gener- 
ators, and  at  the  same  time  the  armature  conductors  and  the 
leads  running  to  the  switchboard  do  not  become  too  large. 


Fla.  342,— Typical 


of  a  power  ayHtem 


The  transmission  voltage  is  largely  determined  by  economic 
considerations.  Although  a  high  voltage  reduces  the  conductor 
cross-section,  the  saving  in  copper  may  be  offset  by  the  increased 
cost  of.  insulating  the  line,  by  the  increased  size  of  transmission- 
line  structures  and  by  the  increased  size  of  generating  and  sub- 
stations, due  to  the  large  clearances  required  by  the  high-voltage 
leads  and  bus-bars.  A  rough  basis  for  determining  the  t 
mission  voltage  is  to  use  1,000  volts  per  mile  of  line. 

Because  of  the  danger  involved,  it  is  not  usually  permissiU 
to  carry  liigh-voltagc  transmission  lines  through  thickly  j 
lated  districts  in  order  to  reach  the  distributing  sub-stationi 
The  voltage  is  usually  stepped  down  to  about  13,200  volts  ■ 
sub-stations  located  at  the  outskirts  of  the  city  and  thence  carried 
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I    into  the  city  underground,  or  occasionally  overhead,  at  13,200 

I    volts. 

f  Figure  342  shows  a  typical  system.  No  attempt  is  made  to 
show  switches,  circuit-breakers,  etc.  Power  is  generated  at 
6,600  volts  and  is  delivered  directly  to  the  6,600-volt  bus-bars. 
It  is  then  stepped  up  to  110,000  voh^.  the  transmission  voltagei 
by  delta-Y  transformer  banks  whose  secondaries  are  connected 
to  the  110,000-volt  bus-bars. 
The  power  then  passes  out 
over  the  duplicate  trans- 
mission lines  to  a  sub-station 
located  in  the  outskirts  of  the 
district  where  the  power  is  to 
be  utilized.  It  is  then  stepped 
down  to  13,200  volts  by 
Y-Y-transformer  banks  and 
delivered  to  the  13,200-volt 
bus-bars  at  this  sub-station. 
The  power  then  leaves  these 
13,200-volt  bus-bars  for  the 
various  distributing  sub- 
stations in  the  district.  One 
distributing  sub-station  is 
shown.  Here  the  voltage  is 
stepped  down  to  a  three-phase, 
four-wire  system.  This  sys- 
tem has  4,000  volts  between    """ '"'""°" 

conductors,  or  2,310  volts  to  neutral,  for  distribution  to  the  con- 
sumers. 

Usu^y  the  lighting  and  the  power  loads  are  connected  to 
separate  feeders,  in  order  to  avoid  the  annoying  flickering  of  the 
lamps  when  motors  are  thrown  on  or  off  the  line.  The  hghting 
loads  are  usually  supplied  by  10  :  I  transformers  located  on  the 
poles,  from  whose  secondaries  230-H5-volt,  three-wire  systems 
are  obtained.  Fig.  343.  The  two  wires  coming  from  the  top 
crossarm  to  the  croasarm  next  beneath  and  going  through  the 
fuse  cut-outs  to  the  transformer  are  the  2,300-volt  lines.  The 
230"115-voU  secondary  wires  leave  the  front  aide  of  the  trans- 
former and  feed  three  vertically-arranged  conductors  of  the  three- 
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wire  secondary  mains,  which  supply  the  local  lighting  loads. 
The  power  consumers  are  usually  connected  to  the  secondaries 
of  V-conuected  or  delta-connected  transformers  located  at  the 
consumer's  premises.  In  order  that  the  secondary  mains  may 
not  be  too  large,  440  and  550  volts  are  generally  used  for  th( 
power  loads.     {Also  see  Vol.  I,  page  380,  Fig.  341.) 

In  the  sub-station,  other  power-transforming  apparatus  may  b 
installed,  such  as  constant-current  transformers;  motor^eneratfl 
sets  or  synchronous  converters,  for  obtaining  direct  current,  etc, 
168.  Transmission  Line  Reactance;  Single-phase. — In  makin 
line  calculations  for  the  transmission  of  direct-current  power,  tb 
resistance  alone  needs  to  be  considered.  In  making  similar  calci 
lations  for  alternating-current  lines,  it  is  necessary  to  take  inl 
consideration  not  onlythe  line  resistance,  but  the  line  reactancea 
well.  In  cables  and  in  overhead  lines  operating  at  high  voltage,  i 
is  also  necessary  to  consider  the  capacitance  between  conductors.. 
Figure  344  shows  the  cross-section  of  a  two-conductor,  single 
phase  line.  As  the  current  at  any  instant  flows  in  opposite  dirt 
tions  in  the  two  conductors,  the  circular  paths  of  the  magneti 
lines  set  up  about  one  conductor  must  always  go  in  a  directioi 
opposite  to  that  for  the  other  conductor.  That  is,  when  on 
magnetic  field  is  acting  in  ! 
clockwise  direction,  the  otbti 
must  be  acting  in  a  countei 
clockwise  direction.  Thii 
causes  the  two  fields  to  act  i 
conjunction  in  the  area  \M 
tween  the  two  con  due  tori 
as  shown  in  Fig.  344.  Thuf 
two  parallel  wires  form  a  rec 
tangular  loop  of  one  turn,  through  which  flux  is  set  up  by  tib 
current  in  the  wires.  This  flux  links  the  loop  and  the  cin 
has  inductance,  therefore.  It  might  appear  that  this  inductane 
would  be  negligible,  because  the  loop  has  but  one  turn  and  the 
flux  path  is  entirely  in  air.  It  must  be  remembered,  however, 
that  the  cross-sectional  area  of  the  flux  path  is  large,  usually  being 
from  1  to  20  ft.  wide  and  several  miles  long.  Although  the 
flux  density  is  small,  the  total  flux  linking  the  loop  is  usually 
considerable. 
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It  can  be  shown  that  the  inductance  of  such  a  loop  is 

L  =  2Z(0.080  +  0.741  logio-)  mil-henrys,  (84) 

where  D  is  the  distance  between  conductor  centers,  and  r  is  the 
radius  of  each  conductor,  both  expressed  in  the  same  units.  I  is 
the  length  of  the  line  in  miles.     The  reactance  of  the  loop  is 

X  =  27r/L  (85) 

where /is  the  frequency  in  cycles  per  second. 

It  is  usually  more  convenient  to  consider  the  inductance  of  a 
single  conductor  only.  The  inductance  per  single  conductor  is 
obviously  one-half  the  value  given  in  equation  (84),  which  applies 
to  the  two  conductors  of  the  circuit. 

The  reactance  per  mile  then  becomes 

X  =  27r/(80  +  741  logio-)  10-«  ohms  per  mile.      (86) 

Table  I  in  the  Appendix  gives  values  of  the  reactance  at  60 
cycles  per  second  for  solid  and  stranded  conductors,  at  various 
spacings.  The  reactance  for  stranded  conductors  is  slightly  less 
than  the  corresponding  values  given  for  solid  conductors.  The 
reactance  at  other  frequencies  may  be  found  by  direct  propor- 
tion. (For  more  complete  tables  see  Sec.  XI,  Standard  Hand- 
book, fifth  edition.) 

Example. — A  single-phase  transmission  line  is  40  miles  long  and  consists 
of  two  0000  solid  conductors  spaced  4  ft.  on  centers. 

(a)  Find  the  inductance  of  the  entire  line  and  the  reactance  per  conductor 
at  25  cycles  per  second;  (6)  at  60  cycles  per  second;  (c)  if  a  200-amp.,  60-cycle 
current  flows  over  this  line  find  the  total  reactance  drop. 

The  diameter  of  0000  conductor  is  460  mils;  the  radius,  r  =  0.230  in. 

48 

D  r  = =  209 

0.230 

logio  209  =  2.32         (p.  461) 
The  inductance  per  mile 

U  =  2(0.080  +  0.741  X  2.32)  =  3.60  mil-henrys  (from  equation  84). 
(a)  The  total  inductance 
L  —  3.60  X  40  =  144  mil-henrys  or  72  mil-henrys  per  conductor.     Ana. 

The  reactance  per  conductor  at  25  cycles 

-Yi  =  27r  25  X  72  XlO-8=  11.3  ohms  Ans. 

(6)  The  reactance  per  conductor  at  60  cycles 

X2  =  27r60  X  72  X  10-*  =  27.1  ohms.  Ans. 

(c)  The  total  reactance  drop 

V  =27.1  X  200  X  2  =  10,840  volts.  Ana. 
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169.  Transmission  Line  Reactance ;  Three-phase. — In  trans- 
mission line  problems  it  is  convenient  to  consider  tlie  reactance 
of  the  individual  conductor,  rather  than  the  reactance  of  the  ■ 
looped  line  or  of  the  entire  circuit.     The  convenience  becomes'fl 
more  apparent  when  three-phase  lines  are  considered.     Id  f^B 
345  are  shown  the  three  conductors  of  a  three-phase  line,  sjoiunet- 
rically  spaced.     That  is,  each  conductor  is  at  an  apex  of  the  same 
equilateral  triangle.     The  current  at  the  instant  shown  is  flowing 
outward  in  conductor  A  and  inward  in  conductors  B  and  C.   ■ 
The  field  produced  by  each  conductor  is  indicated.     These  fields  J 
are  continually  changing,  due  to  the  cyclic  variation  of  the  current  J 
in  the  three  phases,  and  this  causes  a  rotating  field  in  the  region 


between  the  conductors.  This  rotating  field  is  similar  to  thf 
rotating  field  of  the  polyphase  induction  motor,  and  as  it  cut* 
all  three  conductors,  it  induces  electromotive  forces  in  them. 

In  treating  this  problem,  however,  it  is  simpler  to  consider  the  i 
reactance  of  each  conductor  separately.  If  the  spacing  is  syin-1 
metrical,  the  flux  produced  by  each  conductor  does  not  induwl 
any  electromotive  force  in  the  circuit  composed  of  the  other  twO'  1 
conductors.  For  example.  Fig.  346  shows  the  circular  field  J 
produced  by  conductor  C  acting  alone.  As  none  of  its  lines  lii 
the  circuit  AB,  conductor  C  does  not  induce  any  electrooiotivij 
force  in  loop  AB.  Likewise,  conductor  A  induces  no  electro 
motive  force  in  loop  BC,  and  conductor  B  induces  no  electrom 
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tive  force  in  loop  CA,  provided  the  conductors  are  symmetrically 


lo  the  three-phase  case,  therefore,  the  reactance  per  conductor 
is  found  by  equation  (85),  page  381,  or  by  consulting  the  tables, 
page  465.  The  distance  between  the  centers  of  conductors  is 
used  for  D. 


Example. — A  three-phase  line  conaieta  of  three  0000  solid  conduotora 

placed  at  the  comers  of  an  equilateral  triangle,  4  ft.  on  a  aide.  Find  the 
reactance  drop  per  conductor  per  mile  when  a  25-cycle  alteniating  current 
of  120  amp.  flows  in  the  cooductora. 


»      Ini 


X  =  2ir25(80  -I-  741  logis  |^* JIO"'  ohms. 


■   120  X  0.283  - 


Instead  of  calculating  the  reactance  X,  it  may  first  be  found 
in  Appendix  I,  page  465,  for  60  cycles  per  second,  its  value  being 
0.677  ohm.  The  25-cycle  reactance  is  25/60  of  this  value,  and 
is  equal  to  0.282  ohm, 

160.  Transmission  Line  Capacitance;  Single-phase. — If  a 
direct-current  voltage  be  applied  to  a  transmission  line  imder  no- 
load  conditions,  no  current  flows 
after  the  first  few  moments,  except 
the  almost  negligible  leakage  cur- 
rent. If  an  alternating  voltage  be 
applied  to  a  transmission  line,  consid- 
erable current  may  flow,  even  if  there 
be  no  appreciable  leakage  and  no 
connected  load.  This  current  is  the 
charging  current  of  the  line,  and  leads  —•4^1*— 
the  voltage  by  almost  90°.  The  line  Fiq-  347.- 
acts  as  a  condenser,  the  conductors  "^^' 

being  the  plates  and  the  air  the  dielectric.  Each  conductor 
becomes  charged,  first  positively  and  then  negatively,  which 
results  in  an  alternating  current. 

This  is  illustrated  by  Fig.  347,  which  shows  conductors  A  and  B 
of  a  single-phase  line.  At  the  instant  shown,  conductor  A  i 
positive  and  conductor  B  is  negative.     The  electrostatic  flux 
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existing  in  the  field  between  A  and  B  is  shown.     The  capacitanBrl 

between  conductors  of  such  a  line  can  be  shown  to  be  approximately  1 

„       0.0194     ,  .,  ,„,,   ' 

logio^ 

where  D  is  the  distance  between  conductor  centers  and  r  is  the 
radius  of  each  conductor,  both  expressed  in  the  same  units. 

The  simplest  method  of  treating  transmission-line  problems  is 
to  work  with  voltages  to  neutral  and  with  capacitances  to  neutrd. 


{a)  Neutnl  plans  betwE 


C,-2C         C,-2C 


replaced  br 
mectcd  cordensera, 
B     for     trBiismisaioD 


In  Fig.  348  (a),  an  imaginary  plane  surface  xy  is  shown  midway  J 
between  conductors  A  andfi  and  perpendicular  to  the  plM 
of  the  conductors.  The  electrostatic  field  between  this  s 
face  and  each  conductor  is  the  same.  As  the  plane  biseeo 
every  electrostatic  flux  line,  the  potential  difference  betwi 
conductor  A  and  any  point  in  the  plane  is  equal  to  the  potenti*« 
difference  between  conductor  B  and  this  same  point.  Thatft¥ 
the  potential  of  every  point  on  the  plane  xy  is  midway  betwrtB"! 
the  potential  of  conductor  A  and  that  of  conductor  B.  Hencft  1 
every  point  in  this  surface  is  at  the  same  potential  and  mj  *  • 
an  equipotcntial  surface.     Tho  plane  xy  may  be  replaced  hy»l 
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thin  conducting  plate  of  infinite  breadth  without  disturbing  the 
electrostatic  field.  Each  conductor  has  the  same  c&pacilance 
to  this  plate.  This  capacitance  must  be  twice  the  capacit- 
ance between  the  conductors  themselves.  That  is,  the  capacit- 
snce  C  between  conductors,  Fig.  348  (b),  may  be  replaced  by  tu-o 
equal  capacitances,  Ci,  d,  connected  in  series.  Fig.  348  (c), 
■where  Ci  =  2C.  The  joint  capacitance  of  the  two  capacitances 
f  1,  Ci  in  series  is  obviously  just  equal  to  that  of  the  single 
capacitance,  C.  The  point  0  is  the  neutral  of  the  sj-stem,  its 
potential  being  the  same  as  that  of  the  plate  xy. 

If  the  capacitance  to  neutral  is  used  when  calcidating  the 
chai^ng  current,  the  voltage  to  neittral  must  also  be  used.  With 
half  the  voltage  and  twice  the  capacitance,  the  charging  current 
per  conductor  is  the  same  as  if  the  total  voltage  and  the  capaci- 
tance between  conductors  had  been  used. 

The  capacitance  to  neutral  may  be  found  by  multiplying  equa- 
tion (87)  by  2. 

ft  n^ss 

kC  1  =  — — vj-  mf.  per  mile  to  neutral.  (88) 

log,.- 
Obviously,  the  line  charging  current  is 

/f  =  2x/Ci£10~°  amperes  per  mile  of  line. 
where  /  is  the  frequency  in  cycles  per  second,  E  is  the  voltage  to 
neutral,  and  Ci  is  the  capacitance  to  neutral  in  microfarads  per 
liile  of  line. 

Appendix  J,  page  466,  gives  amperes  per  mile  of  line,  per 
100,000  volts  to  neutral,  at  60  cycles  per  second,  for  various 
sizes  of  conductor  and  various  spacings. 

Example. — A  40-iiiile,  60-cyclc,  Hinglc-phasp  line  consiats  of  two  000 
conductors  spaced  5  ft.  apiirt.  What  is  the  charging  current  if  the  voltage 
between  wires  is  33,000  volts? 

The  diamettT  of  000  wire  is  410  mila. 
e  radius 


ALTERNATING  CURRENTS 


161.  Transmission  Line  Capacitance;  Three-phase. — Figure 

349  shows  the  three  conductors  ^,  j?,  C,  of  a  three-phase  line, 
these  conductors  being  symmetrically  spaced.  There  is  ca- 
pacitance between  each  pair  of  conductors,  which  can  be  rep- 
resented by  three  equal  capacitances  c',  c',  c',  Fig.  349(a), 
connected  in  delta.  In  determining  the  capacitive  relations  in 
this  type  of  system,  it  simplifies  the  problem  to  substitute  an 
equivalent  Y-system  for  the  delta-ayatem.  It  is  obvious  that 
any  delta-load  may  be  replaced  by  an  equivalent  Y-load.  This 
is  the  same  as  considering  that  each  conductor  has  capacitance  c 
to  a  fictitious  neutral  0,   Fig.  349(6).     In  the  actual  Une  the 


—Delta  capacitance  of  a 


i-pha 


(6) 
e  ByBtem  replaced  by  a 


neutral  may  be  the  ground.    The  voltage  across  each  of  these 
condensers  c  is  E/-\/3  where  E  is  the  line  voltage. 

Equation  (87),  page  384,  may  then  be  applied  to  finding  the 
capacitance  c,  and  the  voltage  to  neutral  Ejs/Z  used  for  deter- 
mining the  charging  current  per  conductor. 

Example. — Asaume  that  a  third  wire  be  added  to  the  ayatem  of  paragraph 
160  to  form  a  symmetrical  spacing  and  that  the  aystem  is  operated  threr- 
phaso.   33,000  volta  between  conductors.     Find  the  charging  c 
conductor. 

T  =  0.20.')  in. 
D/r  =  60/  0.205  =  293 
login  293  =  2.47 

?gf=  0.628  mf. 

Volta  to  neutral  =  33,000/ V3  =  19,070  volta. 
The  charging  current  per  conductor 

L  =  2..60  X  0.628 
This  may  be  chocked  by  Appendix  J,  page  466. 


TRANSMISSION  OF  POWEIf  BY  ALTERNATING  CURRENT  387 

162.  Three-phase  System;  Conductors  Spaced  Unsymmetri- 
cally. — If  the  conductors  in  a  three-phase  system  are  not  aym- 
metrieally  spaced,  being  located  at  the  comers  of  a  triangle 
whose  sides  may  be  of  any  lenRth,  as  A,  B,  and  C,  Fig,  350(a), 
the  side  D  of  the  equivalent  equilateral  triangle.  Fig.  350(6), 
may  be  found  as  follows: 

D  =  ^ABC  (89) 


This  value  of  D  should  be  used  as  the  distance  between  the 
conductor  centers  of  the  equivalent  system  in  transmission  line 
calculations. 

163.  Single-phase  Line  Calculations. — In  determining  the 
voltage  drop  in  an  alternating-current  line,  both  the  resiatanee 
and  the  reactance  must  be  taken  into  consideration.  The  volt^ 
age  to  supply  the  resistance  drop  is  in  phase  with  the  current, 
and  the  voltage  to  supply  the  reactance  drop  is  in  quadrature 
with  the  current  and  leading. 


Fig.  350. — Unsym metrical  spacing  and  equivalent  ayi 


PiQ.  351.— Single-phi 


In  making  transmission -line  calculations,  it  is  convenient  in  all 
cases  to  work  to  neutral.  Figure  351  shows  a  single-phase  line 
which  has  a  resistance  per  wire  of  R  ohms  and  a  reactance  per 
wire  of  X  ohms.  The  load  takes  a  current  /  amperes  at  a  power- 
factor  cos  S,  and  the  total  voltage  at  the  load  or  receiver  is  2Es, 
The  voltage  to  neutral  at  the  receiver  is  therefore  £«.  The 
toted  voltage  at  the  sending  or  generating  end  is  2Eq. 
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If  this  system  be  split  along  the  line  CD,  two  aystems  result, 
one  of  which  is  shown  in  Fig.  352.  Each  of  these  two  systems 
transmits  ono-half  the  total  power  and  the  sencting-end  and 
receiving-end  voltage  of  each  system  is  half  the  voltage  between 
conductors.  The  voltage  at  each  end  is  now  the  voltage  to  neu- 
tral. The  ground  is  assumed  to  be  the  return  conductor.  The 
return  conductor  need  be  merely  hypothetical,  however,  for  under 
balanced  conditions,  Fig.  351,  no  current  flows  back  through  the 


I 


T" 


— viA/v/w-A — TUT)  MOO' — 


.  352,— SingUi-phHS 


ind  voituges  t( 


ground,  as  each  half  of  the  system  acta  as  a  return  for  the  other 
half.  Therefore,  the  voltage  drop  through  the  ground  is  zero. 
That  is.  Fig.  352,  for  purposes  of  calculation,  the  ground  may  be 
considered  as  having  zero  resistance  and  zero  reactance. 

Lyct  it  be  required,  in  Fig.  352,  to  determine  the  generator  ' 
voltage  Ea  when  the  load  voltage  E^,  the  current  I,  and  power-  ] 
factor  cos  6  are  given.  The  vector  diagram  is  shown  in  Fig.  ] 
353(a).  The  component  of  voltage  to  supply  the  IR  drop  ia  I 
laid  off  in  phase  with  the  current  /;  the  component  to  supply  J 


the  IX  drop  is  laid  off  90°  ahead  of  the  current  /.  The  resultand 
of  these  two  components  is  the  component  to  supply  the  Iia 
drop,  or  to  supply  the  actual  voltage  drop  per  conductor.  The.^ 
voltage  at  the  generator  Eo  is  the  vector  sum  of  Er  and  IZ.  In  J 
Fig.  353(fc)  the  IR  and  IX  components  are  added  to  Ea  ve(H| 
torially.  It  will  be  seen  that  this  figure  is  similar  to  Fig.  145^.] 
Chap.  VI,  page  139,  and  its  geometrical  solution  is  identical. 
Eo  =  V{Es  cos  e  +  luy  +  (i'„  sin  e  +  IXy        (90) 


I 
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Example. — It  is  desired  to  deliver  4,000  kw.,  single-phase,  at  a  distance  of 
25  miles,  the  load  voltage  beiiig  33,000  volta,  60  cycles,  and  the  power-factor 
of  the  load  being  0.85.  The  conductors  are  spaced  4  ft,  apart.  The  line  loss 
shall  not  exceed  10  percent,  of  the  power dehvered.  Determine;  (a)  the  siEe 
of  conductor;  (b)  the  resistance  drop  per  conductor;  (e)  the  reactance  drop 
per  conductor;  (d)  the  voltage  at  the  sendiDg  end;  (e)  the  line  regulation. 
N^lect  capacitive  effects. 

(n)  The  line  loss  -  4,000  X  O.IO  =  400  tw.  =  400,000  watts. 

The  loss  per  conductor  -  400,000/2  =  200,000  watta. 

T-i.  .  1  4,000,000  ,.^^ 

The  current  7  =  -^^^-^  ^  gg  =  142.5  amp. 

i'ff  =  (142.5)=fl'  =  200,000  watts. 
R'  =  200,000/(142.5)'  =  9.85  ohms. 
Bcs.  (per  mile)  =  9.86/25  =  0.394  ohm. 
From  Appendix  H,  jMgc  464,  the  wire  having  the  next  lowest  resistance 
per  mile  is  000  A.W.G.,  the  resistance  of  which  is  0.333  ohm  per  mile. 

(6)  Total  resistance  per  conductor 


(c)   From  Appendix  I,  page  4(55,  for  000  conductor  and  48-in.  spacing, 
the  reactance  per  conductor  is  0.692  ohm  per  mile. 

t      Total  reactance  per  conductor,  X  —  25  X  0.692  =  17.3  ohms.  An». 

The  reactance  drop 
IX  =  142.5  X  17.3  =  2,470  volts.  Ane. 


-  V'{16,500  X  0.85  +  1188)'  +  (16,500  X'a527  +  2470)' 


=  V(15,220)'  +  (11,170)'  -  V357  X  10«   -   18,900  volta. 
The  voltage  at  the  generator  =  2  X  18,900  =  37,800  volts.  Am 

(e)  The  line  regulation  is  defined  as  the  tUb  in  voltage  when,  fitU  load  i 
t&rqjcn  off  the  line,  divided  by  the  load  voltage. 

37,800  -  33,000      ....  . 


R^ulatioi 


33,0O()  " 


164.  Three-phase  Line  Calculations.^The  advantage  of 
working  transmission  line  problems  to  neutral  is  much  more 
obvious  in  three-phase  lines  than  in  single-phase  lines.  Figure 
354(o)  shows  a  three-phase  system,  each  conductor  of  which  has 
a  resistance  of  R  ohms  and  a  reactance  of  X  ohms.  The  voltage 
to  neutral  at  the  load  is  En  and  the  voltage  to  neutral  at  the  send- 


I 
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ing  end  is  Eo-     In  order  to  determine  the  line  characteristicB,  o^^y' 
phase  is  removed,  Fig.  354(fc),  and  its  characteristics  determinec^^ 
Under  the  condition  of  balanced  load,  which  is  assumed,  th-^ 
relations  in  all  three  phases  are  similar,  so  that  the  results  ob- 
tained with  one  phase  may  be  applied  to  the  other  two.     As 
each  pair  of  wires  is  the  common  return  of  the  third  wire,  no 
current  returns  through  the  ground  under  the  balanced  conditions 
assumed.     Aa  the  voltage  drop  between  the  load  neutral  and 
the  generator  neutral  is  zero,  the  ground  may  be  considered  as  a 
return  conductor  of  zero  resistance  and  of  zero  reactance,  as  was 


(M  OuBptiueaf 3-phaaetIne. 
FiO.  354.— Three-phase  liac  bavine  resistance  and  reactance 

done  in  the  single-phase  case.     The  load  need  not  necessarily  baa 
Y-connected,  as  indicated  in  Fig.  354(a).     The  same  method  is^ 
used  even  if  the  load  be  delta-connected  and  there  be  no  tteutra 
The  delta-load  is  replaced  by  an  equivalent  Y-load  and  the  com-4 
putations  arc  made  for  one  phase  only. 

Example. — Solve  the  problem  of  Par.  163,  assuming  three-phase  trans- 
miBsioD,  other  conditions  remaining  the  same.     Power  to  be  delivered,  4,000 
kw.;  load  voltage,  33,000  between  conductors;  distance,  25  miles;  frequency, 
60  cycles;  load  power-factor,  0.85;  spacing  of  conductors,  48  in.;  allowable    . 
line  loss  10  per  cent  of  power  delivered.     Find  (a),   (fe),  (c),  ((f),  and  (a),.. 
Par.  163. 

(a)  The  power  per  phase  =  4,000/3  =  1,330  kw. 

The  voltage  to  neutral  Ea  =  33,000/ v^  =  19,070  volts. 
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I-,         ,  J     .      ,  1,330,000  „„„ 

Current  per  conduc^tor  /  -  - „  "Q7Q~c~o"g5  =  82.3  anip. 

Allowable  loBH  per  conductor  =  1,330  X  0.10  =  133  kw.  =  133,000  watts. 

133  000 

Resiatftnce  per  conductor  fl"  =   /qo'-h,    =  19.64  ohms. 

Resistance  per  mile  =  19.64/25  =  0.786  ohm. 

From  Appendix  H,  page  464,  the  wire  havini?  the  next  lowest  reaistance 
per  mile  is  No.  1  A.  W.  G.,  tbe  reeiBtance  of  which  is  0.665  ohm  per  mile. 

Ans. 
(b)  Total  resistance  per  conductor 

ffi  =  25  X  0.665  =  16.6  ohms 
IB  =  S2.3  X  16.6=  1,365  volts.     Ana. 
(c)  From  Appendix  I,  page  46S,  for  No.  1  wire  and  4S-in.  epaoing,  the  re- 
actance is  0.734  ohm  per  mile. 
Total  reactance  per  conductor 

X  -  25  X  0.734  =  18.35  ohms. 

I   The  reactance  drop 
IX  =  82.3  X  18.35  =  1,510  volte.     Ann. 
(d)  From  equation  (90),  using  volts  to  neutral,   (En  =  19,070  volte). 
coe  e  -  0.85     0  =  31.8°        ein  e   =  0.527 
: 


Ba  =  V'(19,070  X  0.85  +  1.365)'  +  (19,070  X  0.527  +I,6l0)' 
^  V (17,580) »  +  (11,560)''  =  \/443  X  10'  =  21,000  volts. 
The  voltage  between  conductors  at  the  sending  end 

E'o  =  V^  X  21,000  =  36,400  volts.     An«. 

^  21,000  -  19,070  ^ 

19,070  " 


Regulation  =  ,Qn7n =  TonTO  "'  "*■ '  !«'  "^«»'- 


166.  Lines  Having  Considerable  Capacitance. — Heretofore  the 
line  capacitance  has  been  considered  negligible  in  its  effect  on 
the  regulation.  In  long  lines  of  high  voltage  the  charging  cur- 
rent, due  to  the  line  capacitance,  may  have  a  very  considerable 


Fia.  365. — TraiiB mission  line  having  resistance,  reairtiince  and  capacitance. 

effect  on  the  regulation.  Its  tendency  is  to  cause  the  voltage 
to  rise  from  the  sending  end  to  the  receiving  end.  The  capaci- 
tance of  the  usual  line  is  distributed  uniformly  along  the  line. 
The  calculations  are  very  considerably  simplified,  however,  if 
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the  total  capacitance  C  to  neutral  be  dividedj  one-half  being 
concentrated  at  the  sending  end  and  one-half  at  the  receiving 
end,  in  parallel  with  the  load,  Fig.  355.  This  assumption  intro- 
duces Uttle  or  no  error  in  the  results,  even  for  the  longest  existing 
60-cycle  lines.  The' condenser  at  the  sending  end  has  no  effect 
on  the  regulation,  but  its  charging  current  7^/2  must  be  added 
vectorially  to  the  line  current  /  in  order  to  obtain  the  total 
current  supplied  by  the  generator.  The  current  Ic/2  taken  by 
the  condenser  at  the  load  must  be  added  vectorially  to  the  load 
current  /« in  order  to  obtain  the  total  Hne  current  /.  The  prob-ij 
lem  is  then  treated  by  the  methods  already  outlined. 

Example. — It  ia  required  to  deliver  30,000  kw.  at  0.80  power-factor  at  &  J 
distanoe  ot  100  miles,  with  a  iine  loss  not  exceeding  10  per  cent,  of  the  powM  1 
delivered.  The  voltage  at  the  load  is  120,000  volts,  60  cycles,  and  the  lines'l 
are  arranged  at  the  apexes  of  an  equilateral  triangle,  12  ft.  on  a  side.  Deter-  i 
mine:  (a)  the  line  regulation;  (b)  the  total  power  supplied  by  the  generat-  I 
tag  station. 

The  power  per  phase, 

P.  «55.  10,000  kw. 

The  volts  to  neutral  at  the  loud, 

Es  =  120,000/ V3  =  69,300  volta. 
The  current  per  conductor  at  the  load, 
_10^0OO_ 


KQ  ■iiin  V  n  an  ' 


180..5  amp. 


J9,300  > 
The  power  loss  per  conductor  =  10,000  X  0.10  =  1,000  kw.    =    I,000,OC 


Tlie  conductor   resistance  if  = 


1,000,000 
(180.6)  = 
Res.  per  mile  =  -r^  =  0.307  ohm. 


100 

From  Appendix  H,  page  464,  the  wire  having  the  next  lowest  reaistane 
per  mile  is  0000,  the  resistance  per  mile  of  which  is  0.264  ohm. 

The  conductor  resistance  R  =  100  X  0.264  =  26.40  ohma. 

From    Appendix   1,   page  465,    the   reactance   per   conductor   per   i 
for  0000  wire  and  144r.in.  spacing  is  0.810  ohm. 

Total  reactance  =  100X0-810  =   81,0  ohma. 

The  charging  current  for  0000  wire  with  144-in.  spacing  and  100,000  v^ 
to  neutral  is  from  Appendix  J,  page  466,  0.523  amp.  per  mile. 

The  total  charging  current  for  the  above  line  ia 


/„  -  0.S23_  ■> 


100,000 


:6.2  amp. 
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As  only  one-half  the  line  capacitance  ia  assumed  at  the  receiving  end,  the 
charging  current  flowing  over  the  line,  Ie/2  =  36.2/2  -  18.]  amp. 

In  order  to  find  the  total  hue  current,  however,  this  18.1  amp.  muat  bo 
added  vectorially  to  the  180.5  amp.  of  load-current.  Therefore,  Fig.  3,56, 
the  load  current  is  resolved  into  an  energy  component /cos  9  =  ij  =  180. 5X 
O.S  ^  144.4  amp.,  and  a  quadrature  com-  ^  _ 
ponent  /  sin  fl  =  i,  -  180.5  X  0.6  =  108.3 

As  the  quadrature  component,  108.3 
amp.,  lags  the  load  voltage  by  90°  and 
the  chaining  current,  18.1  amp.,  leads  the 
load  voltage  by  90°,  the  resulting  quad- 
rature component  is 


i'  =  I0S.3  -  18.1  =  9 
The  total  line  current 


/'  =  V(I44.4)=  -I-  (90.2)=  =  170  amp. 
The  voltage  at  the  sending  end 


^  12,200 
69,300  " 


Eg  =  V(69,300  X  0,8  +  170  X  26.4)= 
=  V (3,590  +  3,060)  X  10'  =  81,50C 

(a)  Line  regulation  -  — ^       - ; 

(b)  The  total  line  loss 

.  P'  =  3  X  (170)'  X  26.4  =  2,290  kw. 

I  The  total  generator  power 

Fo  =  30,000  -i-  2,290  =  32,290  kw. 


■9,300X0.6-1-170X81.0)' 


17.6  per  cent.      Am 


166.  Corona. — Figure  357  shows  a  tapered  conductor  whose 
diameter  at  the  large  end  is  about  a  half-inch.  This  conductor 
tapers  gradually  to  a  point.  It  ia  suspended  vertically  in  air 
with  its  tip  about  18  in.  from  a  conducting  sheet  or  plate,  which 
is  grounded.  The  secondary  terminals  of  a  high-voltage  trans- 
fornner  are  connected,  the  one  to  the  tapered  conductor  and  the 
other  to  the  plate. 

A  low  voltage  ia  first  applied  to  the  transformer  and  the  voltage 
is  then  gradually  increased.  When  the  secondary  voltage  is  in 
the  neighborhood  of  from  3,000  to  4,000  volts,  a  bluish  discharge 
occurs  from  the  pointed  tip  of  the  conductor.  This  may  be 
plainly  seen  if  the  room  be  darkened.  As  the  voltage  is  increased, 
the  bluish  discharge  forms  further  up  on  the  conductor  and  sur- 
{ounds  it  in  a  ring.     When  the  voltage  reaches  the  neighborhood 


I 
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of  100,000  volts,  this  bluish  discharge  may  have  formed  on  tie   | 
rod  up  to  a  point  where  the  diameter  of  the  rod  is  about  %   is. 
Meanwhile  the  discharge  from  near  the  pointed  end,  and  tie 
accompanying  hissing  sound,  will  have  become  quite  vigorous. 


Fio.  357.— Formation  of  w 


B  tapered  ponductor. 


This  bluish  dischai^e  is  called  corona.  It  occurs  when  tta 
electrostatic  stress  in  the  air  exceeds  about  75,000  volts  maximuift* 
per  inch,  or  53,000  volts  effective  per  inch.  At  this  voltage 
gradient  the  number  of  electrostatic  lines  per  unit  area  becomes 
too  great  for  the  air  to  withstand.  (See  Vol.  I,  Chap,  IX,  p. 
200.)  This  is  the  reason  why  corona  first  appears  at  the  sharp 
point.  The  electrostatic  flux 
lines  are  more  concentrated 
at  points.  This  is  illus- 
trated in  Fig.  358,  which 
shows  a  conducting  body 
suspended  in  air,  the  po- 
tential of  the  body  being 
"^^  considerably    above   ground 

Fio.  .ifls— Effect  of  radius  of  ciirvature    potential.     The  electrostatic 

on  difltnbution  of  elootroatatic  lioea.  ^,  .  ,  .       ,       , 

lines  leavmg  this  body  are 
indicated.  They  are  much  more  dense  at  those  parts  of  the 
surface  having  a  smaller  radius  of  curvature. 

When  air  is  so  highly  ionized  that  corona  forms,  its  dielectric 
strength  is  practically  nil,  and  the  air  may  be  considered  as 


¥ 
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broken  down  or  disrupted  electrically.  Under  these  conditions, 
the  air  becomes  a  partial  conductor  and  is  practically  valueless 
as  an  insulator. 

Corona  is  always  accompanied  by  the  production  of  ozone,  the 
odor  of  which  is  readily  detected.  In  the  presence  of  moisture, 
litrous  acid  forms  when  corona  occurs.  The  acid  and  ozone  may 
attack  metals  and  other  substances,  such  as  insulatinfc  materials. 
When  corona  occurs,  the  resulting  ozone  is  very  active  chemically. 
Corona  is  accompanied  by  a  dissipation  of  energy.  If  a  trans- 
JlUBsion  line  be  operated  at  a  sufficiently  high  voltage,  corona  loss 
Occurs.  Where  a  line  is  long,  the 
loBS  becomes  serious  and  must  be 
considered  when  the  line  is  de- 
signed. The  loss  may  be  reduced 
by  increasing  the  diameter  of  the 
conductors  and  thus  increasing 
their  radius  of  curvature.  This 
fact  favors  aluminum  for  trans- 
mission line  conductors,  other 
factors  being  equal.     Figure  359 

shows    the    conductors  of    a  high-      '  ""    'misaioii''l'in'u'i'>y'"'u'roQa  ''""""" 

voltage   line   illuminated   by  the 

corona  discharge.  (For  a  more  complete  discussion  see  "The 
Law  of  Corona  and  the  Dielectric  Strength  of  Air,"  by  F.  W. 
Peek,  Trans.  A.  I.  E.  E.,  Vol.  XXX  (1911),  p.  1889.) 

LIGHTNING  ARRESTERS 

167.  Multigap  Arresters. — Abnoi-mal  voltage  rises  occur  in 
power  systems  due  to  lightning  discharge,  switching,  short- 
circuits,  and  other  disturbances.  These  voltage  rises  may  dam- 
age the  system  and  any  connected  apparatus,  by  puncturing 
insulation,  by  producing  insulator  flash-overs,  arcing  grounds, 
etc.  It  is  therefore  highly  desirable  to  relieve  the  line  of  such 
disturbances  whenever  possible.  This  is  done  by  means  of 
lightning  arresters,  whose  function  is  to  relieve  any  abnormal 
voltage  rise  by  passing  current  to  ground  and  therefore  prevent- 
ing damage  to  the  system  and  connected  apparatus. 

Lightning  arresters  are  connected  between  the  line  to  be  pro- 
tected and  the  ground.     They  must  have  four  properties.     They 


I 
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should  be  practically  an  open  circuit  when  the  line  is  at  normil  1 
voltage.     They  should  provide  an  easy  path  to  ground  for  tl>s  1 
discharge.     They  should  be  able  to  absorb  the  energy  of  tl 
discharge.     They  should  be  able  to  suppress  the  dynamic  iu 
which  follows  the  transient  dischai^e  and  which  the  power  6 
the  system  tends  to  maintain. 

One  type  of  arrester  for  low  voltage  is  shown  in  Fig.  3 
number  of  cylinders  made  of  non-arcing  metal  are  connecte 
between  the  line  and  ground.  There  is  a  small  air-^ap  betwee 
adjacent  cylinders.  A  carbon  rod  of  high  resistance  is  shunte 
from  the  conductor  across  approximately  three-fourths  of  the« 
cylinders,  a  medium  resistance  across  approximately  one-half  tli 


W  cyli] 


u»J*^ 


!.  360.— General  Electric  raultigap  lightaing  arrpater. 

cylinders,  and  a  comparatively  low  resistance  across  a  little  a 
one-quarter  of  the  cylinders.  The  cylinder  spacing  is  such  tha 
the  full  luie  pressure  which  exists  across  the  last  five  cylinder! 
cannot  jump  the  series  gaps.  However,  any  considerabl 
increase  of  line  voltage  causes  a  discharge  through  the  resistance^ 
across  these  five  gaps  and  thence  to  ground.  If  the  di-schai^ 
becomes  sufficiently  heavy,  the  voltage  drop  through  the  big 
resistance  becomes  excessive  and  increases  the  voltage  acro 
the  next  four  gaps  which  then  break  down,  and  assist  in  Ul 
discharge.  In  a  very  heavy  discharge,  the  voltage  drops  acro 
all  the  resistances  become  large  and  the  discharge  pas 
ground  through  the  entire  series  of  gaps.  When  the  line  retuH 
to  normal  voltage,  the  cooling  effect  of  the  large  number  ) 
cylinders,  combined  with  the  rectifying  property  of  their  metal 
vapors,  tends  to  prevent  the  dynamic  arc  being  sustained.  Su 
arresters  are  suited  only  for  low  voltages  (up  to  5,000  volts),  a; 
can  absorb  only  small  amounts  of  energy. 
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168.  Horn  Gaps.— For  high  voltages,  the  horn  gap,  Fig.  361, 
is  often  used.  The  gap  consists  of  two  horas,  each  mounted  on  an 
insulator,  and  the  gap  itself  is  lo(;ated  between  the  lower  parts 
of  the  horns.  One  horn  is  connected  directly  to  the  line  to  be 
protected  and  the  other  is  connected  through  a  resistance,  usually 
Water,  and  a  choke  coil  to  ground.  The  gap  is  so  set  that  ordi- 
nary operating  voltages  cannot  jump  it.  When  the  voltage 
jiaeB  so  that  it  is  from  150  to  200  p<;r  cent,  of  its  normal  value, 
tjumpa  the  gap  and  the  disturbance  passes  to  ground.     The 


i-esistancc  and  choke  coil  limit  the  current  and  so  prevent  the  line 
being  grounded  by  the  arc.  The  function  of  the  horns  is  to 
break  the  arc.  An  arc  tends  to  rise  because  of  its  heat,  and  also 
because  of  the  well  known  law  that  a  current  tends  to  form  as 
large  a  loop  as  possible,  in  order  to  make  the  permeance  of  the 
magnetic  circuit  a  maximum.     (Sec  Vol.  I,  p.  12,  Par.  17.)       ___ 

Horn  gaps  are  not  altogether  satisfactory,  because  they 
often  arc  over  unnecessarily;  the  protection  which  they  afford  is 
insufficient  because  of  the  resistance  and  choke  coil,  and  they  do 
not    always    suppress    the    dynamic    arc    which    follows    the 


J 
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transient  discharge.     This  results  either  in  a  pjermanent  arcing- 
ground  or  the  tieatruction  of  the  gap. 

169.  The  Aluminum  Cell  Arrester, — The  aluminum  cell 
arrester  has  proved  to  be  the  moat  reliable  type  of  arrester  and 
13  now  universally  used  on  large  power  systems.  It  is  baaed  on 
the  following  principle:  If  aluminum  be  immersed  in  certain 
electrolytes  and  a  direct-current  voltage  be  impressed  on  the 
aluminum  and  the  electrolyte,  no  appreciable  current  flows, 
except  for  an  instant.  This  is  due  to  the  fact  that  the  current 
builds  up  a  very  thin  film  of  aluminum  oxide  on  the  plate,  wbieh 
acts  as  an  insulator.  This  film  builds  up  with  alternating 
current  as  well  as  with  direct  current.  The  oxide,  however, 
constitutes  an  insulator  and  also  a  dielectric  of  almost  infinitesi- 
mal thickness.  Therefore,  considerable  capacitance  exists  be- 
tween the  plate  and  the  electrolyte.  This  would  result  in  a 
considerable  charging  current  through  the  arrester,  with  alter*'] 
nating  current,  if  it  were  connected  directly  across  the  line.  I 
This  film  is  an  excellent  insulate 
up  to  approximately  340  volts  effectr 
ive.  When  the  voltage  exceeds  this 
critical  value,  the  film  breaks  down 
and  allows  a  large  current  to  pass, 
When  the  voltage  again  drops  twlow 
this  critical  value,  the  filrn  re-forms 
and  stopa  the  current  flow.  Hence, 
such  a  device  is  an  electrical  safety 
valve.  Its  characteristics  are  there- 
fore ideal  for  a  lightning  arrester. 
Several  cells  are  alwaj^  connected  in 
series,  the  number  of  cells  depending 
on  the  voltage.  The  oxide  films  pre- 
vent any  discharge  so  long  as  the 
line  voltage  is  normal.  If  the  line 
'''°i„"tou„''XS.'Sr.  "'  '"■''Be  become,  abnormally  high,  lilt 
aluminum  films  are  broken  down  aod 
the  discbarge  passes  readily  to  ground.  When  conditions  again 
become  normal,  the  films  re-form  and  no  power  arc  can  follow 
the  discharge. 

In  practice,  the  aluminum  is  in  the  form  of  cones,  the  proper 


»  1 
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number  being  clamped  together  in  a  stack,  Fig.  362.  Each 
cone  is  about  half  filled  with  electrolyte.  The  entire  stack  is 
immersed  in  oil,  as  the  oil  acts  as  an  excellent  insulator  and  also 
absorbs  the  energy  of  the  discharge. 

Were  the  stack  connected  directly  across  the  line,  the  charging 
current  to  the  stack  would  cause  considerable  hfiating  in  the  cell 
and  would  therefore  reduce  its  capacity  for  absorbing  the  energy 


iTlTl 


gfe^ 


of  the  discharge.  Consequently,  there  is  a  small  horn  gap  in 
series  with  each  arrester,  as  shown  in  Fig.  363.  The  gap  is  very 
short  in  comparison  with  the  arcing  distance  of  the  circuit,  so 
that  it  does  not  interfere  to  any  extent  with  discharges  occurring 
during  abnormal  voltage  rises.  The  use  of  spheres  for  the  gape, 
which  are  shown  in  Fig.  363,  increases  the  speed  of  the  gaps  in 
discharging  high-frequency  impulses. 


UM 
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In  time,  the  film  dissolves  and  it  is  necessary  to  re-form 
about  every  24  hours.  This  is  done  by  closing  the  auxiliary  gap 
(lower  gap,  Fig.  363),  which  allows  the  arrester  to  charge  through 
a  carbon-rod  resistance  and  so  re-forms  the  film.  .The  purpose  of 
the  carbon  rod  is  to  limit  the  charging  current  and  to  damp  out 
high-frequency  disturbances  that  might  otherwise  occur  when 
the  arrester  is  being  chained. 

In  arresters  whose  rating  exceeds  12  kilovolts,  there  are  three 
stacks  for  a  grounded  3-phase  system,  each  stack  being  conDectad 


S-phaae,    UDsroundsd 


between  its  respective  conductor  and  ground.  In 
grounded  system,  the  three  line  stacks  are  connected  in  a  commi 
Y,  and  a  fourth  stack,  called  the  ground  stack,  is  connected 
between  the  neutral  of  the  Y  and  ground,  Fig.  364.  In  Fig.  3fri, 
No.  3  is  the  ground  stack.  By  revolving  the  transfer  switch 
through  180°  in  a  horizontal  plane,  No.  2  becomes  the  ground 
stack  and  No.  3  is  connected  between  the  middle  conductor  and 
the  syst«ra  neutral. 


TRANSMISSION  OF  POWER  BY  ALTERNATING  CURRENT  401 

Lightning  arresters  should  be  connected  to  the  incoming 
I  line  where  it  enters  the-  station,  or  even  outside  the  station. 
Choke  coils,  consisting  of  a  few  turns  of  bai-e  wire,  are  connected 
between  the  arresters  and  the  station  bus-bare,  Fig.  365.  When  a 
surge  reaches  the  station,  it  has  a  choice  of  two  paths,  the  in- 
ductive path  through  the  cholse  coil  into  the  station  and  the 
condensive  path  through  the  arrester  to  ground.  Obviously,  a 
surge,  being  of  high  frequency,  will  take  the  path  to  ground 
through  the  arrester,  whose  condensive  reactance  is  low  at  high 
frequencies. 


FlQ.  365. — High-voltttge  fiitriiuco 


TRANSMISSION  LINE  CONSTRUCTION 

170.  Pin-type  Insulators. — The  success  of  any  transmission 
Une  depends  to  a  large  extent  on  the  insulators.  Little  or  no 
difficulty  is  encountered  in  insulating  low-voltage  hnes.  Pin- 
type  insulators  are  always  used  for  such  lines,  because  they  are 
cheap,  are  easy  to  install  and  act  as  rigid  supports  for  the  con- 
ductors. Pin-type  insulators  are  made  of  glass,  of  porcelain,  and 
of  patented  compounds. 

Glass  is  suitable  for  lines  of  light  construction,  such  as  tele- 
phone lines,  and  for  power  hues  of  moderate  voltage.  Its  ad- 
5  up  to  10,000  or  15,000  volts  are  its  cheapness  and  the 
fact  that  cracks  and  flaws  are  readily  detected.  On  the  other 
hand,  it  is  hygroscopic  and  breaks  readily. 
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Porcelain  has  excellent  mechanical  and  electrical  charactei 
istics,  but  is  more  expensive  than  glass.     Internal  flaws  are  i 
readily  detected  and  cracks  in  the  porcelain  cause  rapid  deterioM 
tion  of  the  insulator.     Porcelain  is  practically  the  only  materi 
used  for  insulators  on  high-voltage  power  lines. 

Patented  compounds  have  good  mechanical   characteristic 
and  are  readily  moulded  to  any  desired  form.     They  cannb 
withstand  the  severe  mechanical  stresses  combined   with 
electrical  stresses  and  weathering  encountered  in  power  linei 

In  the  larger  sizes  of  pin-type  insulator,  the  insulator  is 
up  in  sections  cemented  together,  Fig.  366.     Pin-type  insulatoi 
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i-type  iDaulato 


can  be  safely  used  for  voltages  up  to  about  66,000  volts,  but 
these  high  voltages  they  are  large,  expensive,  and  produce  ex- 
cessive torsion  in  the  cross-arms. 

171.  Suspension-type  Insulator.^lt  seemed  at  one  time  as 
if  the  insulator  would  limit  transmission  voltages,  as  the  pin- 
type  had  practically  reached  its  limit  in  size,  weight,  and  coat. 
The  introduction  of  the  suspension-type  insulator,  however,  has 
raised  the  limit  of  transmission  voltages  to  more  than  double 
value  possible  with  the  pin-type  insulator.     With  the  suspei 
type  of  insulator,  the  conductor  is  suspended  instead  of  bei 
rigidly  supported.     A  string  of  suspension  insulators  is  made 
of  several  units  in  series,  the  number  of  units  depending  on 
voltage.     A  single  unit  can  safely  operate  at  from   16,000 
25,000   volts,    depending   on   local    conditions.     Under 
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conditions,  the  insulator  string  acts  as  a  flexible  support  for  the 
condiictor  and  offers  little  or  no  resistance  to  horizontal  forces. 
Hence,  the  stresses  in  adjacent  spans  should  be  nearly  balanced 
or  the  string  will  be  pulled  out  of  the  vertical  line.  When  a 
span  brealiS,  the  string  is  thrown  temporarily  into  the  adjacent 
unbroken  span  as  a  strain  or  dead-nnd  insidator.  Suspension 
insulators  are  also  used  as  strain 
insulators  at  dead  ends,  railroad  j 
croBsinga,  etc.  Figure  367  shows 
a  section  of  a  link-type  suspen- 
sion insulator  in  which  the  sus- 
pension loops  link  each  other. 
Figure  368  shows  a  string  of 
such  insulators  arcing  overundei 
high  voltage. 


of  link-type  insulators 


172.  Transmission  Structures. — There  are  three  general  types 
of  transmission  structures  employed  in  this  country,  wooden  poles, 
steel  poles,  and  steel  towers.    Concrete  poles  are  used  occasionally. 

Wooden  poles  are  used  on  the  lightor  lines,  especially  where  the 
voltage  is  low.  Wooden  poles  have  the  advantage  of  being 
cheap,  particularly  when  used  near  wooded  sections.  They  are 
also  light,  easily  fitted  and  erected.  On  the  other  hand,  their 
life  is  comparatively  short  so  that  they  require  frequent  renew- 
als. They  are  not  sufficiently  strong  for  heavy  lines  operating 
at  high  voltage.  Owing  to  the  limited  height  of  wooden  poles, 
the  spans  must  be  short. 
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Steel  poles  are  ordinarily  made  of  four  main  members  suE>- 
ported  and  braced  by  lattice  work,  Fig.  369,  and  are  usually  se; 
in  concrete.     This  type  of  pole  is  strons  nml,  if  painted  occ^ 


Fia.  369.— Steel  pole  rarryiog  high 
voltage  to  E.  St.  LouiaA  Suburban  Ey. 
Co.      {Archhold-BTodv  Co.) 


Fig.    370.— Archbold-Brady   lowB 
l^ti  it.  high,  at  Thumea  Rf 
Qg,  Montvillo.  Coun. 


sionally,  has  a  long  life.     It  does  not  require  a  wide  right! 
way.     It  is  particularly  useful  in  mill  yards  and  along  r 
tracks,  where  the  space  is  limited.     Except  for  moderate  heigli 
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!ver,  towers  are  cheaper  than  steel  poles,  especially  in  this 

try,  where  labor  costs  are  high. 

3el  towere  are  a  development  of  the  wiudmill  tower  so  com- 

in  thLs  country.  They  are  ordi- 
y  composed  of  four  main 
B  braced  by  light  cross-inern- 

V  They   are  stronger  and  more 
1  either  the  wooden  or  the 
As  they  are  made  of  a 
ratively  few  standard  mera- 

nveted  or  bolted  together,  the 
:""  coats  are  comparatively  low. 
ig   to   the   spread  of   the  four 

members,  they  are  able  to  rc- 
the  high  torsional  stresses  such 
ould  result  from  the  breaking 
.he  conductors  on  one  side. 
ivs  may  be  set  in  concrete 
i.  This  is  necessary  if  the 
ad    is  marshy.     A  less  expen- 

method  is  to  rivet  plates  or 
on  the  bottom  and  bury  the 
r  supports  directly  in  the 
ad.  The  towers  are  usually 
)ed  "knocked  down"  and  are 
abled  on  the  spot  by  the  erect- 
rew.  Figure  370  shows  a  trans- 
on  tower  of  unusual  height 
\i  supports   the  power  lines  of 

Eastern  Connecticut  Power 
pany  at  a  river  crossing. 

cheaper  form  of  transmission 
structure  is  the  flexible  tower. 

form  of  tower  is  based  on  the 
iple  that  if  the  stresses  in  two 
isnt  spans  are  equal,  the  struc- 
acts  merely  as  a  prop  which  supports  the  line  but  which  need 
ssist  longitudinal  forces.  Flexible  towers.  Fig.  371,  are  merely 
mea  designed  to  withstand  the  maximum  transverse  stress 


FiQ.371.— 132,000-volt,  BiiiEle- 
cirouit.  A-frnme.  flexible  Uiwer  of 
the  Northern  Ohio  Traction  & 
Light  Co.      {Archbatd-Brady  Co.) 
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which  may  occur,  but  are  not  intended  to  withstand  stress  in  t 
direction  of  the  line.  When  these  towers  are  used,  an  anehq 
tower  about  every  mile  is  necessary,  in  order  to  take  care  of  ai^ 
unbalanced  longitudinal  forces  which  occur  when  conduefoM 
break.  When  suspension  insulators  are  used,  a  steel  grounil' 
wire  is  necessary  at  the  top  of  the  structure  to  give  longitudinal 
support  to  the  tower.  The  advantage  of  flexible  tower  construc- 
tion lies  in  the  fact  that  the  towers  are  usually  assembled  complete 
in  the  shop  and  are  easily  erected. 

SUB-STATIONS 

173.  Transformer  Sub-stations. — The  function  of  the  sul>- 
station  is  to  receive  the  electrical  energy,  usually  at  a  voltage  tM 
high  for  commercial  purposes,  and  to  deliver  this  energy  at  othe^ 
voltages  and  sometimes  at  other  frequencies  such  as  may  be 
required  for  the  district  served. 

The  sub-station  may  be  a  transformer  station  only,  receiving 
energy  at  a  voltage  of  26,400  volts,  for  example,  and  transforming" 
it  to  2,300  volts  for  general  distribution.  Figure  372  shows 
the  wiling  diagram  of  such  a  station.  Two  distribution  lin** 
leave  the  station  at  2,300  volts,  one  for  lighting  and  one  fM 
power.  Power  loads  and  lighting  loads  should  be  kept  separatSi 
if  possible,  in  order  to  avoid  the  flickering  of  lamps  when  th9 
motor  loads  are  thrown  on  and  off  the  line.  Usually  2,300  ttf 
230-115  volt  transformers  are  used  to  step  down  the  voltage  tof 
lighting  purposes,  a  three-wire  system  being  employed  for  tW 
secondary.  (See  page  379,  Fig.  343.)  Owing  to  the  possibilitj 
of  the  low-voltage  wires  coming  in  contact  with  high-volta 
wires,  and  so  exposing  the  consumer  to  danger,  one  wire  of  th 
secondary  of  lighting  circuits,  usually  the  neutral,  should  I 
grounded  at  each  consumer's  premises.  As  motor  loads  ai 
usually  throe-phase,  two  V-connected  transformers,  thrti 
single-phase  transformers,  or  a  single  three-phase  transfom 
may  be  used  for  stepping  down  the  voltage.  In  order  i 
save  secondary  copper,  motors  are  often  operated  at  440  or  & 
volts.  Some  large  consumers,  employing  a  few  large  motors,  nu 
operate  them  at  2,300  volts  and  thus  eliminate  the  step-don 
transformers. 
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174,  Motor-generator  and  Synchronous-converter  Substa- 
ons. — It  is  often  necessary  to  obtain  direct  current,  either 
ir  power  supply  to  a  thickly  populated  district  or  for  electric 
lilways.  As  has  bcRn  pointed  out  (page  342,  Par.  137),  either 
le  synchronous-motor-generator  set,  the  induction-motor- 
srator  set,  or  the  synchronous  converter  may  be  employed 


Fig.  372.— Typiral 


ir  changing  the  alternating-current  supply  into  direct  current. 
he  advantage  of  the  synchronoua-motor-generator  set  is  that 
8  power-factor  may  be  controlled;  it-s  disadvantage  is  its  ten- 
ancy to  fall  out  of  step  when  line  disturbances  occur.  The 
dvantage  of  the  induction-motor-generator  set  is  that  the  in- 
uction  motor  tends  to  continue  operating  even  when  severe  hne 
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disturbances  occur;  the  induction  motor  does  not  require  direct 
current  excitation;  it  is  very  rugged.  Its  principal  disadvantage 
are  that  it  takes  lagging  current  and  at  light  loads  its  powu 

factor  is  low. 


3 7 :i (a)  .^Switch  assembly  with  cpIIb, 


The  advantages  and  disadvantages  of  the  aynchronouB 
verter  as  compared  with  motor-generator  sets  have  already 
discussed  in  Par.  137,  page  342. 

176,  Oil   Switches. — With   an   ordinary  air-brealt   switc 
is  practically  impossible  to  break  a  high-voltage  circuit  n^ 
plying  any  considerable  amount  of   power.     Special  air-brl 
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switches  are  in  use  for  interrupting  high-voltage  circuits,  but 
the  knife  blades  of  these  switches  are  from  4  to  6  ft.  long  and  the 
switch  is  provided  with  honi  gaps.  Such  switches  are  suited 
only  to  outside  mounting,  where  there  is  ample  space  for  the 
resulting  arc.  The  power  rating  of  such  switches  is  very  limited. 
To  interrupt  high-voltage  circuits,  especially  where  the  power  is 
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Fia,  373((j). — Detaila  of  iiidividiiat  pole. 
FiQ.  373(0)   and   ((.].— General   Electric  triple-pole,  15,000-volt.   1200-amp., 
motor-operated,  oii  circuit  breaker  with  interlooks  between  the  roechaiiiHm,  the 
cell  doors,  and  the  diacoanectiue  switch. 

large,  the  switch  contacts  must  be  immersed  in  oil  in  order  to 
quench  the  resulting  arc.  When  the  voltage  is  even  moderately 
high,  a  separate  compartment  for  each  phase  is  necesaaiy.  The 
switches  usually  have  double  breaks,  Fig.  373(o)  and  (6),  and 
the  energy  concentrated  at  each  break  is  half  the  total  energy. 
The  effect  of  the  oil  is  to  cool  and  queneh  the  arc  while  the  cir- 
cuit is  being  opened.     The  heat  of  the  arc  tends  to  carbonize  the 
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oil  so  that  it  is  occasionally  necessary  to  reuew  the  oiL  Duriag 
short-circuits,  the  switch  may  be  called  upon  to  absorb  a  large 
amount  of  energy  in  a  very  short  time.  The  resulting  pressure 
within  the  switch  compartments  may  be  very  high,  so  that  it  is 
necessary  to  construct  the  tanks  of  heavily  riveted  or  welded 
steel.     Even  so,  explosions  of  switch  cells  are  not  uncommon. 

Due  to  the  fact  that  carbonized  oil  may  form  a  conducting 
path  between  switch  contacts,  there  is  always  a  possibility  of 
injury  to  persons  working  on  the  supposedly  dead  side  of  the 
switch.  Therefore,  it  is  always  desirable  to  have  an  air-break 
disconnecting  switch  in  each  phase.  The  disconnecting  switch 
may  form  a  part  of  the  switch,  as  in  Fig.  373,  or  it  may  be  in- 
stalled on  a  separate  outside  mounting.  (See  wiring  diagram. 
Fig.  372.)  The  disconnecting  switch  is  not  called  upon  to 
interrupt  the  circuit  under  operating  conditions,  but  is  opened 
only  after  the  oil  switch  has  interrupted  the  circuit. 

Practically  all   oil   switches  operating  at   high  voltages,  or 
connected  in  circuits  of  considerable  power,  are  operated  by 
remote  control.     Both  solenoids  and  motors,  energized  from 
low-voltage  circuit  and  controlled  from  the  switchboard  by  It 
voltage,  are  used  to  operate  the  oil  switch. 

The  switch  of  Fig.  373  is  motor-operated.  The  motor  winds: 
spring  immediately  after  the  switch  has  operated,  leavi 
the  spring  ready  to  open  or  close  the  switch,  depending  on  what 
the  next  operation  is  to  be.  Two  separate  compartments  per 
pole  are  used,  Fig.  373,  one  for  each  contact.  This  makes  the 
energy  per  cell  half  that  which  would  exist  if  a  single  tank  were 
used.  The  oil  baffles  shown  in  Fig.  373(b)  are  ■  particularly 
import.ant. 

176.  Arrangement  of  Apparatus  in  Sub~stations. — The  purpose 
of  the  sub-station  building  is  to  protect  the  equipment  and  the 
operator  from  the  weather.  The  incoming  high-voltage  lines 
are  brought  in  either  through  the  roof,  by  means  of  roof-bushings, 
or  through  the  sidewalls  by  means  of  wall-bushings.  Fig,  365, 
page  401.  The  incoming  wires  are  bent  to  form  drip  loops  80 
that  water  will  not  nm  down  the  wires  into  the  station. 

The  high-voltage  bus-bars  are  usually  located  near  the  roof 
of  the  station  so  as  to  be  out  of  the  way.  It  is  also  desirable  tfl 
place  other  high- voltage  equipment,  such  as  lightning  arresters, 


or 
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oil  switches,  etc.,  on  some  form  of  balcony  or  else  inside  an 
enclosure  so  that  the  possibility  of  personal  contact  is  minimized. 
177.  Automatic  Sub-stations. — la  order  to  eliminate  the  coat 
of  having  an  attendant  in  the  smaller  sub-stations,  automatic 
sub-stations  have  been  developed.  Theao  are  particularly 
adapted  to  electric  railway  work.  After  the  trolley  voltage  in  the 
vicinity  of  the  station  has  fallen  below  a  predetermined  value 
and  remained  there  for  a  minute  or  so,  a  combination  of  relays 
and  switches  starts  up  one  of  the  synchronoua  converters  or 


motor-generator  sets  and  connects  it  to  the  trolley  line.  If  the 
load  on  the  station  exceeds  the  safe  load  of  the  machine  in 
service  at  that  time,  another  machine  starts  up  automatically 
and  after  it  is  connected  across  the  line,  the  field  rheostat  operates 
to  make  it  take  its  share  of  the  load.  Likewise,  the  machines 
drop  out  of  service  automatically  after  the  load  has  fallen  below  a 
predetermined  value.  Fig.  374  shows  the  interior  of  one  of  these 
stations. 

178.  Outdoor  Sub-stations. — When  the  voltage  is  high,  the 
clearances   required   by    the   high-tension   leads   and   bus-bars 
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within  a  sub-station  may  require  a  large  building  and  hence  a 
considerable  investment.  The  investment  in  equipment  and 
in  buildings  situated  along  transmission  lineaand  supplying  small 
loads  may  be  large  compared  with  the  kilowatt-hours  consumed. 
Sub-stations  for  small  loads  would  not  be  economically  possible 
were  it  necessary  tx)  place  all  the  apparatus  within  a  building. 
Transformers,  switches,  lightnmg  arresters,  have  been  designed 
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80  that  it  is  possible  to  operate  them  out  of  doors.  The  building 
needs  only  to  house  the  switchboard  and  the  operator,  if  one  is 
necessary.  The  oil  switches,  the  lightning  arresters,  the  trans- 
formers, and  the  bus-bara  can  all  be  placed  out  of  doors.  The 
apparatus  must  be  practically  air  tight  to  keep  out  moisture- 
Outdoor  sub-stations  on  a  large  scale  are  highly  developed  at  the 
present  time.  Figure  375  shows  an  outdoor  sub-station  of 
moderate  size. 


CHAPTER  XIII 
ILLUMINATIOM  AND  PHOTOMETRY 

Light  is  a  form  of  radiant  energy  and  is  probably  due  to  vibra- 
tions set  up  in  the  ether  by  luminous  bodies.  It  has  tbe  property 
of  producing  the  sensation  of  vision  on  the  retina  of  the  eye  and 
so  enables  objects  to  be  seen  and  distinguished. 

Illumination  means  specifirally  the  light  incident  on  a  surface 
or  object,  but  in  a  broader  sense  it  has  come  to  signify  that 
branch  of  engineering  having  to  do  with  the  distribution  and 
utihzation  of  light.  The  measurement  of  light  and  light  dis- 
tribution is  called  photomelry. 

179.  Candlepower. — The  brightness  of  a  hght  source  is  called 
its  luminous  intensity.  The  luminous  intensity  of  a  body  is 
measured  in  terms  of  the  light  intensity  in  a  horizontal  direction 
given  by  a  standard  candle,  and  is  called  candlepower.  Candle- 
power  is  denoted  by  /.'  That  is,  if  a  Kght  source,  such  as  an 
incandescent  lamp,  were  replaced  by  14  standard  candles  without 
altering  either  the  total  light  emitted  or  its  distribution,  the  in- 
candescent lamp  would  have  a  luminous  intensity  in  a  horizon- 
tal direction  of  14  candlepower. 

Candles  of  standard  dimensions,  burning  under  standard 
conditions,  have  in  the  past  been  used  as  standards  of  luminous 
intensity.  Owing  to  the  difficulty  of  reproducing  such  a  stan- 
dard with  a  sufficiently  high  degi-ce  of  precision  and  owing  to 
tiie  variation  of  its  luminou^^  intensity  with  atmospheric  condi- 
tions, etc.,  the  candle  has  not  proved  an  acceptable  standard, 
particularly  at  the  present  time  when  a  high  degree  of  precision 
in  hght  measurements  is  necessary. 

No  perfectly  satisfactory  standard  of  luminous  intensity  has 
as  yet  been  devised.  At  present  the  Bureau  of  Standards 
maintains  incandescent  laanps  which  constitute  a  standard  of 
luminous  intensity  at  some  known  voltage.     These  lamps  are 

'  Photometry  aymbola  will  he  found  often  t.o  duplicate  electrical  Bymbols. 
For  example,  7  =  cnndlepower  and  in  electrical  units/  =  current.  Photo- 
metric and  electric  unite  are  not  of  the  same  character. 
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constant  for  a  considerable  time  if  used  only  occasional 
By  means  of  these  lamps,  secondary  incandescent  lamp  standai 
may  be  calibrated  and  used. 

180.  Unit  Solid  Angle  or  Steradian. — In  order  to  understand 
the  fundamentals  of  light  emission  and  distribution,  it  is  neces- 
sary to  know  what  is  meant  by  solid  angle.  A  unit  solid  angle  is 
the  angle  at  the  center  subtended  by  a  unit  area  on  the  surf  ace  of  a 
sphere  which  has  a  unit  radius. 

Figure  376  shows  a  sphere  whose  radius 

is  1  ft.     An  area  of  1  aq.  ft,  on  its  surface 

subtends    a    conical    solid    angle    at   the 

center.     This  angle  is  a  unit  solid  angle, 

fim^a,   aometimes  called  the  steradian. 

As  the  area  of  the  surface  of  a  sphere  is 

equal  to  irr^,  there  must  be  4t  units  of 

Fio,   376. — Unit  Bolid    solid  angle  about  the  center  of  a  sphere. 

*°**'  This  may  be  seen  by  letting  r  =  1. 

If  any  area  on  the  surface  of  a  sphere  be  divided  by  the 

square  of  the  radius,  the  result  is  the  solid  angle  that  this  area 

subtends  at  the  center. 

1  ft.  in  diameter.     How  many  unit  eolid 
ia  surface  subtend  at  ita  center. 


(I. 5)= 


^  1.33  steradians. 


181.  Luminous  Flux: 
Lumen.  —  Light  may  be 
considered  as  a  flux  which 
emanates  from  a  luminous 
source  in  the  same  way 
that  magnetic  flux  ema- 
nates from  a  magnetic  pole. 
The  amount  of  illumina- 
tion emitted  by  a  luminous 

source  may  be  considered  as  being  the  total  light  flu:i 
from  that  source. 

Figure  377  shows  a  candle  placed  at  the  center  of  a  .■sphere 
whose  radius  is  1  ft.  Assume  that  this  candle  emits  light  uni- 
formly in  all  directions,  the  intensity  being  equal  to  that  in 
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the  horizontal  plane  or  one  candlepower.  (A  candle  of  thia 
type  is  never  met  with  in  practice  but  is  given  here  merely  for 
purposes  of  illustration.  The  ordinary  standard  candle  emits  an 
intensity  of  one  candlepower  in  the  horizontal  plane  only,  the 
intensity  in  other  directions  being  much  less  than  one  candle- 
power.)  Let  B  be  a  unit  soKd  angle  at  the  center  subtended 
by  an  area  of  1  sq.  ft.  on  the  surface  of  the  sphere.  A  certain 
amount  of  light  flux  will  be  confined  by  this  unit  soUd  angle  and 
as  light  flux  is  emitted  radially  in  straight  li_ieSj  no  flux  enters  or 
leaves  the  solid  angle  through  its  sides. 

The  light  confined  by  this  unit  sohd  angle  and  coming  from 
such  a  standard  candle  is  the  unit  of  light  flux  and  is  called  the 
lumen.     The  number  of  lumens  is  denoted  by  F. 

Ah  there  are  ir  units  of  solid  angle  at  the  center  of  a  sphere,  it 
is  evident  that  each  standard  candle  would  emit  4ir  lumens  if  its 
light  intensity  were  the  same  in  every  direction  and  equal  to  the 
horizontal  intensity.  The  difference  between  candlepower  and 
luminous  flux  should  be  clearly  understood.  The  candlepower 
is  intensity  of  light  emi.ssion  and  may  vary  in  different  directions. 
On  the  other  hand,  luminous  flux  represents  thelotal  light  emitted 
in  any  given  region. 

In  the  past,  incandescent  lamps  have  been  rated  on  their 
mean  horizontal  candlepower,  because  in  the  carbon  lamps,  which 
were  then  the  only  type  in  general  use,  the  shape  of  the  filament 
cjid  its  distribution  in  the  bulb  were  practically  the  same  in 
all  lamps.  Therefore,  all  lamps  had  light  distribution  curves 
of  the  same  general  form.  That  is,  the  ratio  of  mean  spherical 
candlepower  to  mean  horizontal  candlepower  was  practically 
constant  in  the  lamps  then  in  use. 

With  the  advent  of  new  types  of  lamps,  the  disposition  of  the 
filaments  became  quite  diiTerent  in  the  various  lamps  and  the 
mean  horizontal  candlepower  was  no  longer  a  measure  of  the 
total  light  output  of  a  lamp.  The  feeling  at  the  present  time 
is  that  a  lamp  should  be  rated  according  to  the  total  light  flux 
which  it  emits,  or  in  other  words,  a  lamp  should  bp  rated  in 
lumens  and  not  in  mean  horizontal  candlepower. 

The  mean  spherical  candlepower,  which  is  the  average  of  the 
candlepower  emitted  in  all  directions,  is  also  a  measure  of  the 
total  light  flux  emitted  by  a  luminous  source. 
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A  luminous  source  which  has  a  luminous  intensity  of  one 
candlepower  in  every  direction  has  a  mean  spherical  candlepower 
equal  to  1.0  and  emits  4x  lumens.  Therefore,  the  number  of 
lumens  emitted  by  a  light  source  is  equal  to  4ir  times  the  mean 
spherical  candlepower. 

Example. — An  incandescent  lamp  has  a  mean  spherical  candlepower  of 
20.     How  many  lumens  does  it  emit? 
The  total  light  flux 

F  =  4«-  20  =  251.4  lumens.    Ans. 

182.  niumination. — Illiunination  is  the  amount  of  light  flux 
or  the  number  of  lumens  falling  on  a  imit  area.  This  cor- 
responds to  flux  density  in  magnetism.  It  will  be  remembered 
that  flux  density  is  defined  as  the  number  of  magnetic  lines 
passing  normally  through  a  imit  area.  (See  Vol.  I,  Page  7, 
Par.  13.)  The  imit  of  illiunination  is  the  foot-candle  and 
corresponds  to  one  lumen  per  square  foot,  the  square  foot  being 
taken  normal  to  the  direction  of  the  Kght  flux.     It  is  denoted  by 

F 
the  symbol  E,  where  E  =  -j-    A  is  the  area  of  the  surface  taken 

normal  to  the  direction  of  the  Ught  flux.  For  example,  in  Fig. 
377,  one  Imnen  is  included  by  the  soUd  angle  B.  If  the  sphere 
be  thought  of  as  hollow  and  having  a  radius  of  1  ft.,  a  square 
foot  on  its  surface  intercepts  one  lumen  and  the  light  flux  is 
perpendicular  to  the  surface  at  every  point.  Therefore,  as  the 
illumination  is  assumed  to  be  equal  in  aU  directions,  the  illumi- 
nation at  every  point  on  the  inside  waD  of  this  sphere  is  one 
foot-candle.  Such  uniform  distribution  of  light  seldom  occurs  in 
practice. 

A  sphere  having  a  radius  of  2  ft.  has  four  times  as  great  a 
surface  area  as  a  sphere  having  a  radius  of  1  ft.  With  a  fixed 
luminous  source  at  the  center,  both  spheres  intercept  the  same 
total  light  flux.  The  Ught  intensity  at  the  surface  of  the  2-ft. 
sphere  is  one-fourth  the  light  intensity  at  the  surface  of  the  1-ft. 
sphere.  Therefore,  to  obtain  the  illumination  in  foot-candles,  on  a 
surface  which  is  normal  to  the  direction  of  the  light  flux,  divide  the 
candlepower  of  the  Ught  source  by  the  square  of  the  distance  in 
feet  from  the  Ught  source  to  the  surface  illuminated. 
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Exam-pie. — A  light  haa  an  intensity  of  25  eandlepower  downward  i 
vertical  direction.  What  ia  the  illumination  in  foot-candles  on  a  h 
rontal  tabic  4  ft.  below  this  light. 


E  -- 


(4)' 


1.56  foot-candles.     Am 


183.  Law  of  Inverse  Squares. — Figure  378  shows  that  portion 

of  the  hght  emitted  by  a  certain  source  which  is  included  within 
a  given  solid  angle.  Let  Ai  be  a  perfectly  transparent  surface 
at  a  distance  Di  from  the  source.  Let  Aa  be  a  similar  surface  at 
a  distance  Ds  from  the  source.  By  geometry,  the  areas  A  i  and 
Ai  are  proportional  to  the  squares  of  their  diataoces  from  the 
apex  of  the  cone  or  pyramid.     That  is 


Fig.  37!*.— Vi 


The  light  flux  passing  through  Ai  is  equal  to  the  light  flux 
passing  through  A2,  as  none  of  the  light  flux  passes  out  through 
the  aides  of  the  sohd  angle.  If  the  light  flux  passing  through  Ai 
and  An  is  the  same,  then  the  density  of  the  light  flux  or  the 
lumens  per  square  foot  must  be  inversely  as  the  areas.  Therefore, 
the  intensity  of  illumination  from,  a  point  source  varies  inversely 
as  the  square  of  the  distance  from  the  source. 

Let  El  be  the  illumination  on  surface  Ai  and  Ei  the  illumina- 
tion on  surface  A-.     Then 

El  _!>,= 

El  ~  Di- 

The  above  law  of  inverse  squares  is  strictly  true  only  when 
the  light  source  is  a  point.  It  is  impossible  to  obtain  a  point 
source  in  practice.  With  the  usual  light  sources,  no  great  error 
is  introducefi  in  assuming  a  point  source,  unless  the  illuminated 
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areas  under  consideration  are  very  close  to  the  source,  Wi  t-b 
mercury  tube  lamps,  Moore  tubes,  and  lamps  having  certa.in 
types  of  reflectors,  the  law  of  inverse  squares  must  be  appli^'i 
with  great  caution. 

Exam-pie. — A  drawing  board  direetiy  under  an  incandeaeent  lamp  ar»* 
4  ft.  distant  has  an  average  illumination  of  three  foot-candles.  What  ^■^ 
the  illumiDatiou  on  the  drawing  board  when  the  lamp  is  raised  2  ft.? 


Sj  =  -^   =  1.3^3  foot-candles.     Aiis. 

184.  Absorption;  Brightness.— -When  light  falls  on  a  surfae  "* 
or  object,  a  certain  amount  of  the  light  is  either  absorbed  o-"^*^ 
transmitted  and  the  rest  is  reflected.  No  substance  reflects  a^^--^ 
the  light  that  it  receives,  although  highly  polished  surfaces  reflec  ^^^ 
a  very  large  proportion,  as  is  shown  in  the  table  which  foilows^^^' 
A  white  surface  reflects  a  high  percentage  of  the  light  falling  or.-*^ 
it  and  reflects  all  colors  equally  well,  A  pure  black  surfac^^^' 
should  reflect  no  light  at  all,  but  practically  all  black  surface^»  ' 
reflect  a  certain  amount  of  light.     When  illuminated  with  whit^^^ 

light,  the  color  of  an  object  as  seen  by  reflected  light  is  deter- ' 

mined  by  its  ability  to  absorb,  transmit  and  reflect  the  variou^^^ 
colors  of  the  spectrum.     For  example,  a  green  object  as  seen  by- 
reflected  light  has  the  property  of  reflecting  green  and  of  £ 
sorbing  or  transmitting  practically  all  other  colors.     Henco  the 
object  appears  green  by  reflected  light. 

The  color  of  an  object  as  seen  by  transmitted  light  is  frequently"! 
different  from  its  color  as  seen  by  rejlected  light.     For  example, 
the  color  of  thin  gold  leaf  as  seen  by  reflected  light  is  yellow, 
whereas  its  color  as  seen  by  transmitted  light  is  greenish. 

The  unit  of  brigktjiess  in  the  metric  system  is  the  lambert, 
which  is  one  lumen  per  square  centimeter.  Brightness  may  aUo 
be  measured  in  candles  per  square  inch.  Those  units  are  used 
when  the  brightness  of  a  luminous  source,  such  as  an  incan- 
descent filament,  is  under  consideration. 

The  brightness  of  a  surface  is  the  number  of  lumens  per  unit  | 
area  which  the  surface  emiis  in  the  direction  of  the  normftl- 
Let  it  be  expressed  by  E',     E'  is  always  less  than  the  illumination 
E,  as  the  surface  absorbs  some  light.     The  ratio  E'/E  is  called 
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^  eoeffcierU  q}  refleOion  It  is  the  ratio  of  the  light  emitted 
to  the  I^ht  received  and  is  aways  less  than  unity.  Below  are 
^ven  the  coefficients  of  reflection  for  various  well-known  surfaces. 


New  aluminum  bronie  (unprotected) 64 

Polished  brass 60 

Baked  white  enamel  (paint) 72 

Matt  surface,  porcelain  enamel 79 

Savered  mirror 83 

White  matt  surface  paper  (smooth) 57 

Light  buff  surface  paper  (smooth) 45 

Embossed  gilt  paper 43 

Light-blue  paper 12 

186.  Light  Distribution. — Light,  from  sources  such  as  incandes- 
<^iit  lamps,  arc  lamps,  etc.,  varies  in  intensity  in  different  direc- 
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Fia.  379. — Distribution   of   light-intensity    about   a,    IG-candlepowor.    carbon- 


tions.  The  distribution  depends  not  only  on  the  light  source 
itself  but  also  on  the  reflectors,  refractors  and  fixtures  which 
are  used  with  the  source.  In  most  light  sources  the  light  giving 
element  is  so  designed  that  the  horizontal  intensity  is  nearly  the 
same  in  all  directions.  This  is  particularly  true  of  incandescent 
lamps  and  of  arc  lamps. 

*  "Standard  Handbook,"  Section  14. 
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The  intensity  in  vertical  planes  passing  through  the  axis  of 
the  lamp  varies  considerably  in  different  directions.  This  il 
illustrated  in  Fig.  379,  which  shows  the  distribution  in  one 
vertical  plane  of  the  light  from  an  incandescent  carbon-filament 
lamp  without  a  reflector.  The  intensity  of  the  light  in  the 
vertically  upward  direction  (180°)  is  small  owing  to  the  pres- 
ence of  the  base  and  socket  and  to  the  diapoeition  of  the  Ali- 
ment. The  intensity  of  the  light  in  a  vertically  downward' 
direction  is  also  small. 

These  distribution  curves  are  particularly  useful  in  determin- 
ing the  suitabihty  of  a  lamp  for  any  particular  purpose,  The 
distribution  may  be  modified  by  shades,  reflectors,  etc. 
Fig.  400,  page  444.)  As  will  be  shown  later,  the  area  of  the* 
distribution  curves  is  not  proportional  to  the  total  light 
emitted  by  the  lamp. 

186.  Light  Sources ;  Incandescence ;  Luminescence.—LigU 
is  emitted  by  sources  under  two  conditions,  incandescence  ana 
luminescence.  Incandescence  is  produced  by  heating  a  suIh" 
stance  to  a  high  temperature,  as  in  the  incandescent  lamp,  tbs 
carbon  arc,  and  the  Welsbach  gas  mantle.  The  amount  of  li^ 
emitted  by  a  substance  increases  very  rapidly  with  its  tempeiw 
ature.  In  fact,  the  light  emitted  increases  as  the  fourth  power 
its  absolute  temperature.  Hence,  a  small  increase  in  the  tei 
perature  of  an  Uluminant  results  in  a  very  large  increase  lotl 
light  which  it  emits.  The  light  becomes  more  nearly  white  ■ 
.the  temperature  rises.  This  principle  should  be  kept  in  iniiw 
because  it  is  the  reason  for  the  different  efliciencies  which 
obtained  with  different  types  of  lamps. 

Light  emitted  by  incandescent  bodies  is  accompanied  by  hip 
temperature  and  a  corresponding  dissipation  of  conaideral 
energy  as  heat.  On  tlie  other  hand,  a  luminescent  substaM 
may  give  out  light  at  moderate  temperatures.  Examples 
luminescent  light  sources  are  the  vacuum  tube,  the  mercury  a 
the  flaming  and  luminous  arcs,  all  of  which  will  be  discussed  lat 
The  firefly  is  an  excellent  example  of  a  luminescent  source. 

187.  Carbon -filament  Lamp. — The  requirements  of  an  inca^^ 
descent  filament  are  that  it  shall  be  highly  refractory,  that  i^' 
the  filament  shall  be  able  to  withstand  high  temperatures  withoU' 
rapid  deterioration,  and  the  filament  shall  be  mechanically  atn 
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at  these  high  teraperatiu'es.  Also,  the  electrical  resiBtivity  of  the 
filament  material  should  be  so  high  that  the  length  of  the  filament 
for  a  given  resistaDce  shall  not  be  excessive.  For  many  years 
the  carbon  filament  was  the  only  one  that  proved  satisfactory. 
It  consists  of  a  filament  of  carbonized  cellulose,  bent  into  horse- 
ahoe  form  and  operated  in  a  vacuum.  A  later  development  was 
the  "G.E.M."  lamp  in  which  the  carbon  is  "metallized,"  that 
is,  it  is  flashed  in  a  gas  rich  in  hydrocarbons.  This  gives  the 
carbon  filament  a  metallic  appearance  and  a  positive  tempera- 
ture coefficient  such  as  metals  have,  and  permits  the  filament  to 
operate  at  a  higher  temperature. 

The  purpose  of  a  vacuum  in  a  lamp  ia  two-fold.  A  vacuum 
prevents  chemical  action  on  the  filament  and  is  an  excellent  heat 
insulator. 

The  treated  carbon-filament  lamp  has  an  efficiency  of  about 
3.0  watts  per  mean  horizontal  candlepower  and  the  metallized 
filament  an  efficiency  of  about  2.5  watts  per  mean  horizontal 
candlepower. 

The  objection  to  the  carbon-filament  lamp  is  its  low  efficiency. 
Remembering  that  the  amount  of  light  emitted  by  an  incandescent 
source  increases  as  the  fourth  power  of  its  absolute  temperature, 
carbon-filament  lamps  can  be  made  to  have  very  high  efficiency  by 
operating  them  at  high  temperatures.  However,  this  increased 
efficiency  ia  accompanied  by  rapid  evaporation  of  the  filament, 
resulting  in  a  very  short  life.  Carbon-filament  lamps  are  there- 
fore operated  at  such  a  temperature  that  their  life  is  from  700  to 
1,000  hours.  Their  candlepower  may  become  so  reduced  after 
long  use  that  it  is  more  economical  to  discard  the  lamps  than 
to  continue  their  use  at  this  low  candlepower. 

188.  The  Tantalum  Lamp.— The  metal  tantalum  was  next 
Ised  as  a  lamp  filament.  Because  of  the  high  temperature  at 
"hich  tantalum  can  safely  operate,  tantalum  lamps  are  able  to 
develop  an  efficiency  of  2.0  watts  per  mean  horizontal  candle- 
power  and  at  the  same  time  have  an  average  life  of  about  600 
wurs.  One  peculiarity  of  the  lamp  is  that  when  alternating 
current  is  used  the  filament  disintegrates  rapidly.  Owing  to  the 
lii^  efficiency  reached  by  the  tungsten  lamp,  the  tantalum  lamp 
fiis  been  absolutely  superseded. 

189.  The  Tungsten  Type-A  and  Tjrpe-B  Mazda  Lamps. — 
Tungsten  is  a  metal  of  high  resistivity  and  is  capable  at  -wxVIb 
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standing  very  high  temperatures.  It  is  therefore  well  adapted  for 
use  as  the  filament  in  incandeecent  lamps.  In  the  early  days,  it 
was  not  possible  to  draw  it  through  a  die  as  ordinary  wire  is 
drawn.  Powdered  tungsten  was  mixed  with  an  organic  binder, 
such  as  cellulose,  and  foreed  through  a  die.  The  binder  was 
then  driven  out  by  heating,  leaving  a  porous  and  pitted  tungsten 
filament  which  was  very  fragile.  This  type  of  filament  was 
used  in  the  Mazda-A  lamp.  In  1911,  the  process  of  drawing 
tungsten  wire  was  perfected,  so  that  the  present-day  filaments 
are  rugged.  Lamps  using  this  drawn  filament  in  a  vacuum  are 
called  Mazda-B  lamps. 
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Fin.  380. — Current  variation  in  tungsten  lump  when  awitohed  in  (liKuit. 
Type-B  tungsten  lamps  have  an  efficiency  of  about  1.2  watts 
per  mean  horizontal  candlepower.  In  the  large  sizes,  150  watts 
and  above,  the  efiiciency  may  be  as  high  as  0.90  watt  per  mean 
horizontal  candlepower.  The  reason  for  this  high  efficiency  ifl 
the  very  high  temperature  (about  SiOOCC.)  at  which  it  is  posa- 
ble  to  operate  the  tungsten  without  too  rapid  deterioration.  Th6 
life  of  tungsten  lamps  is  longer  than  that  of  most  other  1am.p3,  the 
guaranteed  life  being  about  1,000  hours. 

Tungsten  has  a  positive  temperature  coefficient  so  that  its 
resistance  at  operating  temperatures  is  several  times  that  when 
cold.  This  results  in  a  high  initial  current  when  the  lamp  is 
first  switched  in  circuit.  This  is  c-alled  "overshooting."  The 
relation  of  the  current  to  time  is  shown  in  Fig.  380.  Fuses  in 
tungsten-lamp  circuits  have  been  known  to  blow  as  a  result  of  this 
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first  rush  of  current,  although  the  fuses  were  of  ample  capacity  to 
take  care  of  the  steady  operating  curreut  of  the  lamp. 

190.  Gas-filled  Lamps;  Type  C. — Remembering  that  the 
light  emitted  by  an  incandescent  body  increases  as  the  fourth 
power  of  its  absolute  temperature,  it  is  obvious  that  there  is  still 
opportunity  for  increasing  the  efficiency  of  tungsten  lamps  if 
the  temperature  of  the  filament  can  be  safely  increased.  The 
factor  which  limits  the  operating  temperature  of  the  Type-A 
and  Type-B  filaments  is  the  volatilization  or  evaporation  of 
the  filament  itself.  Tliis  volatilization  has  two  effects.  The 
evaporation  removes  useful  material  from  the  filament,  resulting 
in  a  reduction  of  efficiency  and  in  an  ultimate  burning  out  of  the 
lamp.  The  tungsten  vapor  condenses  on  the  bulb,  blackening 
it  and  so  cutting  down  the  useful  light  by  absorption.  This  last 
factor  has  in  part  been  remedied  by  injecting  a  chemical  into  the 
bulb  which  tends  to  keep  the  tungsten  deposit  semi-transparent. 

The  gas-filled  or  Type-C  Mazda  lamp  is  based  on  the  principle 
of  vapor  pressure.  The  hij^her  the  pressure,  the  higher  the 
temperature  at  which  water  and  other  substances  evaporate. 
Water  will  boil  at  a  very  low  temperature  in  a  rarefied  atmos- 
phere, whereas  under  pressures  greater  than  atmospheric  its 
boihng  teraperatm^  may  become  quite  high.  The  same  rule 
applies  to  tungsten.  In  a  vacuum, 
the  tungsten  evaporates  quite  read- 
ily, which  results  in  a  more  rapid 
deterioration  of  the  filament.  In 
the  Mazda-C  lamps,  the  bidb  is 
filled  with  an  inert  gas  such  as  nitro- 
gen. This  gas  does  not  enter  into 
chemical  reactions  with  the  filament 
and  yet  it  causes  sufficient  pressure 
to  materially  increase  the  evapor- 
ation temperature  of  the  filament. 
Due  to  the  higher  temperature  of 
evaporation,  the  filament  may  be  operated  at  a  higher  tempera- 
ture without  rapid  deterioration.  This  gives  not  only  increased 
efficiency  but  also  a  whiter  light,  more  nearly  resembling  sunlight. 

This  inert  gas  serves  another  purpose.  It  will  be  noted  from 
Fig.  381  that  this  type  of  lamp  has  a  long  narrow  neck.     The 
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gas  coming  in  contact  with  the  filament  becomes  heat«d  mm 
rises.  If  the  lamp  is  in  an  inverted  position,  as  it  should  be  ix 
commercial  use,  (Fig.  381),  this  heated  gas  passes  up  into  tJfc« 
neck.  It  carries  with  it  the  tungsten  vapor,  which  is  thus  depa 
sited  in  the  neck  of  the  lamp  where  it  cuts  off  no  appreciaidi 
amount  of  light. 

This  gas  sweeping  through  the  filament  has  one  very  iind&- 
sirable  effect  which  is  not  present  in  a  vacuum  lamp.  The  p 
carries  heat  away  from  the  filament  very  rapidly  by  convectiffli' 
This  cooling  of  the  filament  tends  to  decrease  the  lamp  e 
ciency.  To  minimize  this  effect,  the  filament,  instead  of  being! 
straight  wire,  criss-crossed  back  and  forth  on  supports  as  it  is  in 
the  Mazda-B  lamp,  is  wound  in  the  form  of  a  very  fine  helis 
with  the  turns  very  close  together,  as  shown  in  Fig.  381{6).  This 
keeps  the  filament  in  very  compact  form  and  so  reduces  the 
convection  losses. 

Below  is  given  a  table  of  efficiencies  for  ga^fiUed  lampa.  K 
will  be  noted  that  the  larger  sizes  have  the  higher  efficiencies 
due  to  their  having  larger  filaments  and  hence  less  proportionate 
convection  losses. 
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By  using  a  bulb  having  a  blue  tint,   the  gas-filled  lamp  give) 
a  light  closely  resembling  daylight. 

191.  Effect  of  Voltage  Variation  on  Incandescent  Lamps.-* 
As  the  voltage  on  commercial  fighting  systems  will  vary  i 
or  less  from  time  to  time,  it  is  important  to  understand  the  effM 
of  this  voltage  variation  on  the  operation  of  incandescent  lanapi 
An  increased  voltage  results  in  a  higher  operating  temperature  i 
the  filament  and  hence  a  higher  efficiency.  This  is  accompanl 
however  by  a  decreased  life  of  the  lamp. 
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ith  an  untreated  carbon  filament  the  effect  of  increasing 
voltage  is  to  decrease  the  resistance,  as  carbon  has  a  nega- 

temperature  coefficient.  Because  of  the  decreased  resist- 
;  of  the  filament,  the  current  increases  more  rapidly  than  the 
age.  Hence  the  power  taken  by  the  filament  increases  even 
E  rapidly  than  the  voltage  squared.  This  makes  the  carbon 
3  more  sensitive  to  voltage  changes  than  it  otherwise  would 

On  the  other  hand,  the  metallized  carbon  filament  and  the 
alum  and  tungsten  filaments  all  have  positive  temperature 
Scients.  An  increased  voltage  is  accompanied  by  increased 
itance  which  tends  to  prevent  the  lamp  taking  more  power. 
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382.— Effeot  of   voltage   chanfio   on    candlepowcr   and    watta   per   oaodle. 

refore,  these  last  three  types  of  lamps  are  less  sensitive  to 
age  changes  than  is  the  carbon  lamp.  Figure  382  shows 
variation  of  candlepower  and  efficiency  with  per  cent,  of 
nal  voltage  for  carbon  and  for  tungsten  lamps. 
t2.  Arc  Lamps. — The  arc  lamp  was  the  first  successful 
iric  lighting  unit.  Its  principle  is  the  heating  of  the  tips  of 
■ons,  or  other  electrodes,  to  incandescence  by  means  of  an 
trie  current.  This  is  illustrated  by  Fig.  383.  Two  carbon 
■  a^  connected  in  series  across  the  Ughting  mams,  a  resistance 
eing  in  series  with  the  rods.  If  the  carbon  tips  are  first 
ihed  together,  the  heat  developed  at  the  point  of  contact 
luces  a  hot  vapor  which  immediately  becomes  conducting, 
le  carbons  now  be  drawn  apart,  more  vapor  will  form  and  this 
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hot  vapor  becomes  a  conductor  of  electric  current.     A  lars* 
amount  of  heat  energy  is  developed  in  a  very  small  space,  result- 
ing in  a  very  high  temperature.     Thia  heats  the  carbon  tips  to  j 
incandescence  and  results  in  their  emitting  a  very  white  hght,  J 
Because  of  its  very  high  temperature,  the  arc  is  a  very  efficieotfl 
iUuminant. 

The  resistance  of  the  arc  itaelf  varies  nearly  inversely  as  its 
cross-section.  If  the  carbons  were  connected  directly  across  the 
line,  a  slight  increase  of  current  would  result  in  a  greater  cross- 
section  of  arc  which  would  reduce  its  resistance.  The  arc  would 
then  take  more  current  resulting  in  a  still  less  resistance,  etc. 


Fig.  3 8-1  .—Direct. 


lad  candlGpowor  dbtribut 


which  would  ultimately  produce  such  an  extremely  low  value 
resistance  as  to  be  practically  a  short-circuit.     To  prevent  this 
instability  in  multiple  lamps,  a  series  resistance  R,  called  tht 
ballast,  is  necessary.     The  power  loss  in  the  ballast,  reduces  tl»; 
over-all  efficiency  of  the  tamp.     In  a  lift-volt  lamp,  the 
across  the  ballast  is  about  50  volts. 

Figiu'e  383  shows  the  early  type  of  open,  direct-current 
A  crater,  formed  in  the  positive  carbon,  becomes  filled  with 
molten  carbon.     This  electrode  is  at  a  higher  temperatufe  than 
the  negative  one.     Most  of  the  light  comes,  not  from  the 
itself,  but  from  this  hot  incandescent  positive  crater,  bo 
the  upper  carbon  should  always  be  the  positive  one.     Fif 
indicates  the  light-distribution  curve  of  this  type  of 
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'■*  will  be  noted  that  most  of  the  light  is  thrown  downward.  The 
Positive  carbon  is  consumed  more  rapidly  than  the  negative  and 
So  requires  more  frequent  renewals. 

If  alternating  current  be  substituted  for  direct  current,  it  will 
be  found  that  both  carbons  consume  equally  and  have  the  same 
shape  of  crater,  as  is  indicated  in  Fig,  384.  Hence,  aa  much 
light  is  directed  upward  as  downward,  as  shown  by  the  hght- 
distribution  curve.  Such  a  light  needs,  therefore,  a  reflector  to 
intercept  this  upwardly  directed  light  and  reflect  it  downwards 
where  it  can  be  effectively  used.  The  alternating-current 
multiple  arc  has  one  advantage  over  the  direct-current  arc  in 


Fio.  3S4. — Altomatiiig- 


auil   candlepuwer   distributiun   i 


that  it  has  an  inductive  ballast  which  consumes  no  appreciable 
power,  although  it  does  lower  the  power-factor. 

193.  The  Enclosed  Arc. — The  next  improvement  in  arc 
lighting  was  to  enclose  the  arc  in  a  small  opalescent  globe. 
This  enclosing  globe  prevents  free  access  of  the  oxygen  of  the  air 
to  the  arc  and  so  reduces  the  carbon  consumption  and  therefore 
the  number  of  trims.  The  opalescent  globe  cuts  off  consider- 
able light  and  so  reduces  the  lamp  efficiency,  but  the  total  cost 
of  illumination  is  reduced  because  of  the  lesser  labor  charge  inci- 
dent to  trimming.  The  enclosed  arc  will  bum  100  hours  per 
trim  where  the  open  arc  burns  but  8  hours.  The  enclosed  arc  is 
also  steadier  than  the  open  arc,  gives  a  more  diffused  hght  and  so 
reduces  the  objectionable  glare  of  the  open  arc. 
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The  open  arc,  especially  the  direct-current  type,  is  used  extea- 
aively  for  projection  purposes,  as  for  stereo pti cans,  moving" 
picture  machines,  search  hghts,  etc.  The  high  intensity  of  the 
arc,  combined  with  its  being  concentrated,  makes  it  very  desir- 
able for  these  purposes.  The  foregoing  types  of  arc  laiups 
are  practically  obsolete  aa  far  as  general  illumination  is  eoQ- 
cemed,  although  they  are  used  for  street  lighting  in  isolated 
instances. 

194.  Arc  Regulation.— Arc  lamps  must  be  automatically 
regulated  both  in  starting  and  in  operation.  In  starting,  the 
carbons  must  be  in  contact  and  then  be  drawn  apart  as  the  arc 
is  formed.     The  carbons  must  also  be  fed  together  as  they  art 


I 


Fio.  38a. — Merhaniam  and 


Arc    lamps    are    divided    into  two 

general    classes,   the  series  lamp  and 
the  parallel  or  multiple  lamp. 

In   the   series   lamp,   the  current  it  1 
maintained  constant  by  the  generatrj 
ing  apparatus  and  this  type  of  li 
TDquirea  no  ballaat.     As  the  currenta 
the  series  lamp  is  maintained  consts 
cutflutswiMii    under  all  conditions,  the  arc  regulatioS 
is   accomplished    primarily    by  maiitfl 
taining  the  proper  voltage  across  ti 
arc.     The  general  scheme  is  shown  id 
Fig.  385.     The  coil  Si  is  a  series  o 
of   low  resistance  connected  in  a 
with  the  arc  and  Ss  is  a  shunt  coil  4J 
high   resistance   connected  acrosa  1 
arc.     Si  and  Sa  operate  differentji^ 
on   the   lever  L   which   actuates  I 
clutch.     Si   tends  to   lift   the  cluta 
and    pull   the   carbons   apart  and  || 
tends  to  lower  the  clutch  and  allow  ti 
together.     Should  the  arc  become  too  long, ) 


carbons  to 

voltage  across  it  rises  and  strengthens  the  shunt  solenoid 

This  tends  to  feed  down  the  upper  carbon. 

A  cut-out  switch  is  necessary  to  keep  the  circuit  closed 
the   lamp   become   open-circuited.     When   this   occurs  , 
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Voltage  will  exist  across  S^  and  will  causo  it  to  pull  up  its  end  of 

^Qe  lever  and  so  close  the  cut-out  switch.     The  circuit  is  then 

closed  through  the  resistance  R.     Upon  starting,  the   cut-out 

Switch  is  normally  closed.     More  current  passes  through  the  low 

I'esistance  path  formed  by  >Si  and  the  carbons  than  through  R. 

Hence  iSi  immediately  pulls  the  carbons  apart.    This  action  ceases 

W'hcn  the  voltage  across  Sa  becomes  sufficient  to  counteract  the 

effect  of  iSi.     The  feeding  mechanism  is 

Connected  to  a  dashpot  which  prevents 

.  any  sudden  movement  of  the  plungers. 

The  mechanism  of  the  multiple  lamp, 

P^g.  386,  is  very  simple.     The  current 

passes    through   the   ballast   in   wliich    f^, 

about  30  to  50  per  cent,  of  the  power 

a  lost.    The  current  then  passes  through 

wo  solenoids  connected  in  scriea,  each 

which   operates   on  one  of  the  legs 

tef    a    U-shaped   plunger.     Should   the 

(fturrent  become  too  great,  the  plunger 

uses  the  upper  carbon  by  means  of 

Bthe   clutch   and   thereby  increases  the 

1  resistance  of  the  arc.     This  causes  the 

current  to  decrease  to  its  normal  value. 

When   the   power   is   turned    off,    the 

_    upper    carbon    drops    and    closes    the 

ft  circuit  so  that  the  lamp  is  ready  for 

H  operation. 

■       195.  Flame      Arcs. — Approximately 

I   eighty-five    per    cent,   of   the  light   in 

B  'the    direct-current    arc    conjes    from    the   incandescent   crater 

^L  in  the  positive  carbon.     In  the  enclosed  arc  the  percentage  is 

^rJower  than  this.     In  either  ca.se,  probably  not  more  than  10  to  20 

^■|>er  cent,  of  the  light  comes  from  the  arc  flame  itself.     In  flame 

B  arcs  almost  all  the  hght  comes  from  the  flame.     It  is  found  that 

by  impregnating  the  carbons  with  certain  salts,  the  arc  itself 

becomes  luminescent  due  to  the  vaporization  of  these  salts  and 

the   luminescence-  they   attain   at   the   high  arc   temperatures. 

The  color  of  the  arc  can  be  readily  controlled  by  the  kind  of  salt 

used.     For    example,    calcium   salts    produce    a   yellow    color, 
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tanium  salts  ^1 


strontium  salts  a  reddish  tint  and  barium  and  titanium 
brilliant  wliite  light. 

As  the  electrode  products  are  utilized  in  the  arc,  rapid  consump- 
tion of  the  electrodes  results.  This  is  accentuated  by  the  fact 
that  air  circulation  is  necessary  to  remove  the  white  powder 
deposited  by  the  arc  vapor.  In  the  open  type  of  lamp  this 
ventilation  means  a  continuous  supply  of  oxygen,  resulting  in 
rapid  consumption  of  the  electrodes.  The  open  type  of  lamp, 
therefore,  requires  very  long  electrodes  in  order  to  obtain  a 
reasonable  number  of  burning  hours  per  trim.  These  electrodes 
are  so  long  that  it  is  not  practicable  to  plaw 
them  one  above  the  other,  ao  they  are  both  fed 
down  from  above  and  are  placed  at  an  aJigl^F 
as  shown  in  Fig.  387.  A  small  magnet  !^ 
blows  the  arc  down.  To  increase  the  con- 
ductance of  the  "electrodes,  a  metallic  wire  is 
usually  run  down  their  centers.  This  type  of 
lamp  is  very  efficient,  requiring  only  0.43  watt 
'bunSng  flame  arc!"  P^''  mean  spherical  candlepower.  Owing  l" 
the  short  life  of  the  electrodes  and  the  eon- 
sequent  high  cost  of  trimming,  it  cannot  be  profitably  used 
in  this  country  for  general  illiuiiination  purposes.  An  un- 
pleasant odor  makes  its  use  undesirable  for  interior  illumination. 
In  this  country  its  use  is  confined  to  outside  display  lighting. 
Because  of  its  high  efficiency,  this  type  is  used  extensively  abroad 
as  the  higher  energy  costs  and  the  lower  labor  costs  existing  there 
make  its  use  economically  desirable. 

To  eliminate  the  short-burning  feature  of  the  flame  are 
lamp  and  also  the  objection  of  the  unpleasant  fumes  whicb 
accompany  its  use,  a  long-burning  type  of  lamp  has  been  devel- 
oped. The  arc  burns  in  a  chamber,  the  air  supply  to  which  is 
restricted.  There  is  a  large  condensing  chamber  just  above  the 
arc  chamber.  The  hot  gases  rise  and  go  into  this  condensing 
chamber,  where  the  white  powder  is  condensed  aud  deposited 
against  the  comparatively  cool  surfaces  of  the  chamber.  The 
gases  are  then  allowed  to  re-enter  the  arc  chamber.  This  re-utili- 
zation of  the  same  air  prevents  the  access  of  a  continuous  supply 
of  oxygen  and  gives  the  lamp  about  100  burning  hours  per  trim. 
Figure  388  shows  the  multiple  lamp,  together  with  the  diagramt 
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connectiona.  The  watts  per  mean  spherical  candlepower  run 
about  0.74.  Comparing  this  figure  with  0,43  watt  per  mean 
Epherical  candlepower  already  given  for  the  open  flame  arc,  it  will 
be  seen  that  long  life  is  obtained  at  the  expense  of  efficiency. 
This  type  of  lamp  has  one  decided  advantage  over  the  magnetite 
iamp  in  that  it  can  be  used  with  alternating  current. 


t^o.  388.- 


196.  The  Metallic  Electrode  or  Magnetite  Lamp. — The  metal- 
lic electrode  arc  lamp  or  luminous  arc  or  magnetite  lamp,  as  it  is 
often  called,  differs  from  other  arc  lamps  in  that  it  employs  metal- 
lic electrodes  and  the  light  is  derived  from  the  arc  itself,  being 
due  to  the  luminescence  of  the  vapor  which  comes  from  the 
cathode  or  negative  electrode.  The  positive  electrode  is  a  large 
cylinder  of  solid  copper.  The  copper  being  an  excellent  conduc- 
tor of  heat  tends  to  keep  moderately  cool.  The  negative  elec- 
trode is  made  of  an  iron  oxide  containing  titanium  to  give  a  white 
light.  Other  ingredients  are  added  to  give  the  electrode  desirable 
biiming  characteriatics. 

A  diagram  of  the  lamp  is  shown  in  Fig.  389.  The  arc  stream 
consists  of  negatively-charged  luminescent  gas  particles  which 
originate  at  the  negative  electrode.  The  iron  oxides  and  the 
titanium  of  the  negative  electrode  give  a  white  light.  Being 
negatively  charged,  the  gas  particles  of  the  arc  stream  are  repelled 
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by  the  negative  electrode  and  are  attracted  by  the  positlTa 
electrode.     Therefore,  the  arc  stream  moves  from  negative  tel 
positive.     The  copper  must  always  be  positive.     If  it  becomes  ' 
negative,  the  arc  will  then  consist  of  luminescent  copper-vapor 
and  be  green  in  color.     In  connecting  a  lamp  in  circuit,  care  must 
be  taken  to  insure  correct  polarity. 

As  the  electrodes  are  comparatively  cool  under  operating 
conditions,  there  is  not  sufficient  heat  to  maintain  thearciftbe 
electric  power  is  interrupted  even  for  an  instant.     Hence,  out- 


Fio.  389.— Mechanii 


side  the  question  of  the  greenish  arc  resulting  from  the  copper  o, 
crating   as   cathode,   this  type  of  lamp  cannot  be   used  i 
alternating  current. 

The  feed  mechanism  is  slightly  different  in  principle  f 
that  of  other  types  of  arc  lamp.     Were  the  ordinary  type  ( 
feed  used,  the  hot  metal 'of  the  cathode  or  negative  electr 
would  weld  to  the  copper  and  "freeze"  when  the  current  i 
turned  off.     Therefore,  the  mechanism  is  so  designed  thattl 
feed  is  intermittent,  the  arc  being  maintained  by  re-strikinl 
When  the  lamp  is  out  of  circuit  its  electrodes  are  separated  t 
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When  current  flows,  the  starting  magnet.,  Fig,  389,  brings 
er  electrode  into  contact  with  the  upper  electrode,  atriking 
rp  blow.  This  operation  allows  the  current  to  flow  through 
eriea  magnet,  thereby  opening  the  circuit  of  the  starting 
et  at  the  cut-out  contacts,  allowing  the  lower  electrode  to 
itarting  the  arc.  The  lamp  is  then  burning  with  the  lower 
ode  holder  resting  on  its  stop  and  with  the  series  magnet 
ig  the  cut-out  contacts  open.  As  the  lower  electrode  is 
med,  the  voltage  across  the  arc  rises,  the  shunt  magnet 
h  is  connected  in  series  with  the  starting  magnet  and  start- 
Bsistance  across  the  arc)  lifts  its  armature,  and  cloeea  the 
lit  contacts  when  the  arc  voltage  has  reached  a  predetermin- 
lue.  The  closing  of  these  contacts  puts  the  starting  magnet 
in  circuit,  thereby  causing  the  lower  electrode  to  strike  the 
■  electrode  a  sharp  blow,  bringing  about  a,  shorter  arc  once 

e  copper  anode,  which  is  comparatively  cool,  is  consumed 
slowly  and  needs  to  be  replaced  only  at  long  intervals.  The 
etite  electrodes,  however,  need  to  be  replaced  at  frequent 
/als.  The  4.4-amp.  lamp  will  bum  from  160  to  200  hours 
rim.  The  6.6-amp.  lamp  bums  about  125  hours  per  trim, 
letite  lamps  have  a  high  efficiency.  The  4.4-arap.  lamps 
an  efficiency  of  approximately  0.70  watt  per  mean  spherical 
epower.  The  6.6-amp.  lamps  have  an  efficiency  of  0.45 
per  mean  spherical  candlepower.  The  intense  white  light 
B  type  of  lamp  makes  it  very  attractive,  particularly  when 
imp  is  mounted  on  ornamental  poles.  In  addition  to  gen- 
treet  lighting,  it  is  used  to  a  considerable  extent  for  "white 
'  and  boulevard  lighting.  (See  Fig.  397,  Page  443.) 
'.  The  Mercury-arc  Lamp;  the  Moore  Tube;  the  Nemst 
I.- — The  mercury-arc  lamp  consists  of  a  long  tube  containing 
Ilic  mercury.  The  pressure  in  the  tube  is  very  low.  When 
c  is  formed  in  the  tube  the  mercury  is  vaporized  and  gives 
enish-blue  light.  This  Ught  is  due  almost  wholly  to  the 
lescenco  of  the  mercury  vapor,  the  temperature  of  the  vapor 

only  250°  to  300°C.     The  lamp  owes  its  high  efficiency 
e  low  temperature  at  which  it  is  able  to  give  its  Ught. 

of  the  light  emitted  comes  from  the  blue-violet  end  of  the 
rum,  there  being  little  red.     This  absence  of  red  rays  makes 
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people  appear  ghastly  when  viewed  under  this  light,  an  object- 
ionable feature  in  its  use.  Red  light  ia  tiring  to  the  eye  and 
contributes  little  to  the  visibility  of  objects.  Therefore,  from 
the  physiological  standpoint,  the  mercury-vapor  lamp  ia  excellent 
for  drafting  rooms  and  for  other  places  where  fine  detail  is  con- 
cerned. Very  satisfactory  results  are  obtained  if  tungsten  lampa 
are  used  in  conjunction  with  the  mercury-vapor  lamps,  thus 
doing  away  with  the  ghastly  appearance  of  the  workers. 

The  mercury-vapor  lamp  has  an 
efficiency  of  about  0.75  watt  per  mean 
spherical  candlepower.  It  is  funda- 
mentally a  direct-current  lamp,  but 
with  a  compensator  it  can  be  used 
on  alternating-current  circuits.  The 
connections  when  used  with  direct: 
current  are  shown  in  Fig.  390. 

A  higher  pressure  mercury-vai 
lamp  has  been  developed  operatit 
at  a  higher  temperature.  The  low- 
melting  point  of  glass  necessitates  the 
use  of  quartz  tubes  with  this  type  i 
lamp. 

In  the  Moore  tube,  the  light  is 
tained  from  a  luminescent  gaa  at 
comparatively  low  temperature.  This 
luminescence  is  produced  by  high-voltage  electric  discharge 
taking  place  in  vacuum  tubes.  These  tubes  are  sometimes 
200  ft.  long  and  are  bulky  per  candlepower.  They  have  an 
aflvantage  in  that  the  color  can  be  controlled  by  means  of  the 
gas  used  in  the  tube. 

If  carbon  dioxide  be  used,  for  example,  a  light  closely  approach- 
ing dayhght  is  obtained.  This  characteristic,  together  with  its 
uniform  distribution,  makes  it  an  excellent  lamp  for 
matching,  as  with  textiles.  Its  efficiency  is  about  2.5  watte 
candlepower.     The  power-factor  is  low. 

The  Nernst  lamp  operates  on  the  principle  that  porceli 
at  a  red  heat,  is  a  conductor  of  electricity.     This  lamp  has 
heating    coil    which    makes   a    porcelain    filament    conducting. 
The  lamp  gives  a  substantially  white  Ught  and  gives  off  no 
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"  "■'  dirt.  It  does  not  require  trimming.  Its  maintenance  is 
iiigh.  Tungsten  lamps  have  driven  it  from  the  lighting  field. 
Its  efficiency  is  about  1.3  watts  per  mean  hemispherical  candle- 
power. 

As  a  maximum,  the  foregoing  lamps  emit  as  light  energy  from 
2  to  5  per  cent,  of  the  electrical  energy  supphed  to  them.  The 
remainder  of  the  energy  is  liberated  as  heat.  On  the  other  hand, 
the  firefly  has  a  Ught-giving  efficiency  of  96  per  cent.  It  emits 
very  little  heat  energy.  Although  great  improvements  have 
been  made  in  the  field  of  illuminants  during  the  past  few  years, 
there  is  still  a  tremendous  opportunity  for  further  advances. 

WM  PHOTOMETRY 

"198.  Photometry.^Photometry  is  the  measurement  of  hght. 
Light  measurements  are  nearly  all  made  by  direct  comparison. 
The  chief  source  of  inaccuracy  in  making  such  comparisons  is  the 
question  of  color.  Unless  the  lamps  under  comparison  are  of 
almost  exactly  the  same  color,  only  an  approximate  photometric 
balance  can  be  obtained.  This  balance  varies  with  different 
persons  owing  to  the  effect  of  different  colors  upon  the  eye. 

199.  The  Bunsen  Photometer.^The  Bunsen  photometer  is 
the  simplest  tyjx!  of  photometric  measuring  device  and  is  illus- 
trated in  Fig.  391.  Assume  that  it  is  desired  to  measure  the 
candlepower  of  the  incandescent  lamp  L,  using  the  candle  C  as  a 
standard  for  comparison.  The  two  hghts  are  placed  some  10  to 
20  ft.  apart  and  a  movable  screen  S  is  placed  between  them. 
The  screen  S  consists  of  a  piece  of  paper  or  parchment  with  a 
grease  spot  in  the  center.  The  grease  spot-  on  the  screen  is 
translucent  and  so  allows  light  to  pass.  If  viewed  from 
the  side  which  is  illuminated,  the  spotwillappeardarker  than  the 
rest  of  the  screen,  owing  to  the  fact  that  light  passes  through  the 
translucent  grease  spot  more  readily  than  through  the  surround- 
ing part  of  the  screen. 

On  the  other  hand,  if  this  same  screen  be  viewed  from  the 
non-illuminated  side,  the  grease  spot  will  appear  brighter  than  the 
rest  of  the  screen,  since  it  is  more  translucent  than  the  rest  of 
screen.  Now  if  both  sides  of  the  screen  receive  equal  illumi- 
nation, the  grease  spot  will  look  the  same  in  comparison  with  the 
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surrounding  portion  of  the  disc,  when  viewed  from  either  side. 
When  this  occurs,  a  photometrical  balance  is  obtained. 

In  order  that  the  observer  may  view  both  sides  of  the  screen 
simultaneously,  two  mirrors  M,  Fig.  391,  are  set  at  an  angle  and 
reflect  the  light  in  the  manner  shown  by  the  dotted  lines. 

The  screen  S  is  moved  until  the  screen  looks  the  same  on 
both  sides,  and  the  distances  I  and  h  are  read.  Let  E  be  the 
candlepower  of  the  candle  or  standard  and  Ei  the  candlepower 
of  the  test  lamp.  Remembering  that  light  intensity  varies 
inversely  as  the  square. of  the  distance. 

El  ^  II 
E       P 


Fig.  391. — Bunsen  photometer. 

The  candlepower  of  the  test  lamp 

If  a  standard  candle  is  used,  E  equals  1.0. 

If  the  two  lights  have  different  color,  the  two  sides  of  the 
screen  will  never  appear  alike  and  only  an  approximate  balance 
can  be  obtained.  The  position  of  balance  is  to  a  considerable 
extent  determined  by  the  personal  equation  of  the  observer. 

Because  of  the  unreliability  of  candles,  standard  incandescent 
lamps  are  used.  These  may  be  obtained  from  the  Bureau  of 
Standards.  Such  lamps,  when  used  at  the  voltage  at  which  they 
are  calibrated,  are  very  accurate  standards.    An  arrow  on  the 
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lamp  indicates  the  position  in  which  it  was  calibrated.  It  is 
customary  to  use  the  standard  lamp  only  to  calibrate  a  working 
standard  so  that  the  candlepower  of  the  ultimate  standard  will 
not  change  due  to  its  being  in  too  constant  use. 


a 


Fid.  302.— Conne 
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IS  for  phatometric  teat. 


As  the  candlepower  of  lamps  is  very  sensitive  to  changes  in 
voltage,  the  connections  are  often  made  as  shown  in  Fig,  392. 
Both  lights  are  fed  through  an. adjustable  resistance  flj.  An 
adjustable  resistance  R  is  in  series  with  the  standard  lamp  and 
another  adjustable  resistance  Ri  is  in  series  with  the  test  lamp. 
A  voltmeter  is  in  parallel  with  each  lamp.  Both  lamps  are 
brought  to  the  desired  values  of  voltage  by  adjusting  roughly  fls, 
and  then  by  separate  adjustments  of  B  and  fl,.  Any  fluctua- 
tions of  line  voltage  can  be  taken  care  of  by  the  resistance  iJj, 
which  affects  both  lamps.  Further,  any  unnoticed  change  of  line 
voltage  affects  both  lamps  approximately  to  the  same  degree  if 
the  lamps  have  similar  voltage-can  die  power  characteristics. 

200.  The  Lummer-Brodhuo  Photometer.^Thc  Lummer- 
Brodhun  screen  presents  two  clearly  defined  elliptical  areas,  as 


93. — Liimmpr-BroHhun  photompler. 

shown  in  Fig.  393.  When  a  photometric  balance  is  obtained, 
the  two  ellipses  merge  into  one  if  the  lights  have  the  same  color. 
The  operation  of  this  screen  is  as  follows:  Si,  St  is  a  white, 
opaque  screen,  The  light  coming  from  one  source  falls  on  the 
side  Si  and  that  coming  from  the  other  source  falls  on  the  side  Sj. 
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The  briphtnesR  of  Si  and  of  Si  depends  on  the  intensity  of  the! 
source  which  illuminates  each.     The  light  from  Si  and  Sj  is 
fleeted  by  the  plane  mirrors  M]  and  M^  to  the  total  reOectii 
prisms  Pi  and  Pi.     The  hypotenuses  of  the  two  prisms  are 
contact  over  a  circular  area  only.      The  hght  striking  this  area  ( 
contact  can  pass  through;  other  light  is  totally  reflected.     That'^ 
is,  only  the  central  beam,  shown  dotted,  from  the  mirror  Mi, 
passes  through  to  the  eye  piece.     The  remainder  of  the  light  is 
turned  away.     On  the  other  hand,  the  central  beam  shown  by 
a  solid   line,  from  M^   passes  through  the  center  circle  and  is 
absorbed  by  the  walls  of  the  bos.     The  remaining  light  is  re- 
flected to  the  eye  piece.     The  observer  sees  two  distinct  ellipses 
if  the  photometer  is  out  of  balance.     (The  circle  of  contact  of 
the  two  prisms  appears  as  an  ellipse  to  the  observer  because  he 
is  viewing  the  circle  at  an  angle.)     When  the  two  ellipses  blend, 
the  same  illumination  is  coming  from  each  source  and  the  pho- 
tometer is  in  balance.     To  eliminate  any  errors  due  to  differences 
in  the  two  sides  of  the  screen  Si  and  Sj,  the  photometer  screen 
should  be  reversed. 

PORTABLE  PHOTOMETERS 

201.  The  Sharp-MUlar  Photometer. — A  portable  photometer 

is  necessary  for  making  such  photometric  measurements  as  can 


FiQ.  394.— Sharp- Millar  photo  i 


not  be  made  in  the  laboratory,  as  on  arc  lamps  in  service,  street- 
lighting  units,  store  lighting,  etc. 

Portable  photometers  involve  the  same  principles  as  laboraUuy 
photometers.  The  difference  lies  in  the  compactness  and  in  tbe 
ease  of  manipulation. 
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The  Sharp-Millar  Photometer  is  typical  of  the  portable  type. 
A  plan  of  the  instrument  is  shown  in  Fig,  394.  Tiss.  tube  which 
can  swing  through  180°.  At  the  elbow  R  is  either  a  mirror  or  a 
white  diffusing  surface.  The  light  entering  the  tube  is  reflected 
at  right  angles  by  R  and  is  directed  towards  P,  a  Lummer- 
Brodhun  Screen.  This  light  is  balanced  against  the  brightness 
of  a  screen  W,  Uluminated  by  a  6-volt  tungsten  lamp  S,  which  is 
standardized.  The  viewing  aperture  is  at  0.  The  screens,  .5i, 
Si,  Sz  prevent  stray  light  from  the  lamp  S  falling  on  the  window 
W.  The  balance  is  obtained  by  moving  the  lamp-S,  which  varies 
the  illumination  on  the  window  W.  By  reading  the  position  of 
the  lamp  on  a  scale  when  balaince  is  obtained,  the  candle- 
power  can  be  determined.  If  illumination  is  being  measured, 
a  white  translucent  glass,  called  a  test  plate,  is  placed  at  T  and 
the  mirror  used  at  R.  The  brightness  of  2*  is  a  measure  of  the 
total  illumination  falling  upon  it, 

On  the  other  hand,  if  the  candlepower  of  a  lamp  ia  being 
measured,  extraneous  light  must  be  excluded.  Therefore,  the 
test  plate  at  T  is  removed  and 
the  mirror  at  R  is  reversed, 
which  substitutes  for  R  the 
white  diffusing  surface.  The 
only  light  which  enters  the 
tube  is  that  coming  from  the 
source  towardswhich  the  tube 
is  directed:  the  extraneous 
light  being  cut  off  by  the  sides 
of  the  tube. 

If  the  light  to  be  measured 
ie  too  bright  for  obtaining  a 
balance,  either  screen  A  or  Ai 
may  be  interposed  between  R    '"^'<""' 

and  the  photometer  head,  thus  reducing  the  light  in  a  known 
ratio.  On  the  other  hand,  if  the  measured  light  is  found  to  be 
too  dim,  these  screens  may  be  turned  so  as  to  lie  between  W 
and  the  photometer  head,  thus  reducing  the  hght  from  the 
standard,  and  making  a  balance  possible. 

The  standard  lamp  S  is  supplied  by  a  6-volt  storage  battery. 
Its  candlepower  is  controlled  by  a  rheostat.     The  correct  adjust- 
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ment  may  be  determined  by  an  ammeter  connected  in  series  mth 
the  lamp.  A  later  method,  which  depends  upon  the  wheatstoM 
bridge  principle,  has  been  developed  and  is  illustrated  by  Fig. 
The  lamp  is  one  arm  of  a  wheatKtone  bridge.  A,  C  and  D,  made 
of  materials  with  zero  temperature  coefficient,  form  the  other 
three  arms.  The  resistance  of  a  tungsten  filament  is  very  sensi- 
tive to  changes  of  temperature  and  therefore  to  changes  of  cur- 
rent. For  this  reason  the  bridge  will  balance  only  for  one  value 
of  total  current,  which  ia  controlled  by  the  resistance  R.  The 
slider  S  allows'small  adjustments  to  be  made.  Instead  of  the 
galvanometer,  G,  a  telephone  receiver  is  often  used,  the  balance 
being  determined  by  interrupting  the  telephone  circuit.  If  the 
system  is  out  of  balance  a  click  is  heard  in  the  receiver.  This 
equipment  eliminates  the  weight  of  either  an  ammeter  or  a 
galvanometer. 

202.  The  Rousseau  Diagram. — The  mean  horizontal  candle- 
power  of  an  incandescent  lamp  may  be  determined  by  rotating 


nth  1 
tone  1 


P  the 


Fia.  396.— Rousseau  (tiagram. 


the  lamp  and  at  the  same  time  measuring  its  candlepower  ini^ 
horizontal  direction.  The  speed  of  rotation  must  be  sufficientljr 
high  so  that  flicker  will  not  prevent  the  obtaining  of  an  a«curs(£ 
balance.  Too  high  a  speed  distorts  the  filament  by  centrifugsl 
iorce.  The  rotator  is  usually  so  designed  that  the  lamp  can  be 
turned  through  any  vertical  angle  between  0°  and  180°.  If 
the  candlepower  is  measured  at  various  angles  between  0°  and 
ISO"  and  the  corresponding  values  of  candlepower  are  laid  oS<mfl 
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the  radii  of  polar  coordinate  paper,  a  curve  aimilar  to  that  shown 
in  Fig.  396  is  obtained.  As  would  be  expected,  an  incandescent 
lamp  in  the  ordinary  position  emits  but  little  light  in  the  up- 
ward vertical  direction,  owing  to  the  presence  of  the  socket  and 
base.  But  little  light  is  thrown  vertically  downward  because  of 
the  small  length  of  filament  exposed  in  that  direction. 

The  mean  spherical  candlepower  of  the  lamp  is  obtained  by  the 
Rousseau  diagram  as  follows: 

A  circle  mnm'  of  some  convenient  diameter  is  drawn  about 
the  polar  candlepower  diagram,  as  shown  in  Fig.  396.  The 
ends  of  the  various  radii  are  projected  on  a  straight  line  a'b'. 
Perpendiculars  are  dropped  from  the.se  projection  points  to  ab 
which  is  parallel  to  a'b'.  The  distances  od,  of,  etc.,  are  laid  off 
from  ab  on  these  perpendiculars,  as  shown  at  o'd',  o'f.  The 
average  height  of  the  curve  gf'e'  to  scale  gives  the  mean  spherical 
candlepower  of  the  lamp.  This  average  height  may  be  obtained 
by  measuring  the  area  abge'a  and  dividing  by  the  base  ab,  the 
proper  scale  being  used,  or  by  taking  the  average  of  several 
equally-spaced  perpendiculars. 

The  output  of  the  lamp  in  lumens  is  obtained  by  multiplying 
the  mean  spherical  candlepower  by  4t  (12.57). 

The  spherical  reduction  factor  of  a  lamp  is  the  ratio  of  the  mean 
spherical  candlepower  to  the  mean  horizontal  candlepower.  It 
is  usually  less  than  1.0.  This  factor  depends  on  the  shape  and 
disxxjsition  of  the  filament  and  also  on  the  reflector,  if  one  be 
used.  For  a  given  type  of  lamp,  the  spherical  reduction  factor  is 
nearly  a  constant  quantity.  Knowing  this  factor  for  a  given 
type  of  lamp,  the  mean  spherical  candlepower  and  the  luminous 
output  of  a  lamp  can  be  readily  calculated  after  making  one 
measurement  of  the  mean  horizontal  candlepower.  Below  are 
the  spherical  reduction  factors  of  a  few  standard  lamps. 

Spherical  REDncTioN  Factobs' 

Treated  carbon,  oval  filament 0.82 

Metallised  carbon  (GEM)  oval  filament 0 .  82 

Tantalum 0.97 

Mazda,  60  watta 0-78 

Gaa-fllled 0.80  to  0.90 

'Standard  Handbook,"  Section  14. 
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Example. — In  the  polar  diagram  of  Fig.  396,  1  in.  radial  distance  eqiii 
20  candlepower.  The  diameter  of  the  circle  and  the  line  ab  have  a  lengthofJ 
4  in.  The  area  of  (^e'a  is  Ssq.  id.  The  lamp  takes  60  watts  and  thelengft.  1 
of  the  line  oh  is  2.5  in.  Determine:  (a)  The  mean  spherical  candlepoww.  I 
(6)  The  output  of  the  lamp  in  lumens,  (c)  The  mean  horiaontal  candte-1 
power,  (d)  The  efficinncy  of  the  lamp  in  watts  per  mean  horizontal  aiid'l 
per  mean  spherical  candlepower.     (e)  The  spherical  reduction  factor  of  tl« "] 


(")   1 


H.cp.  =  - 


<  20 


=  40  cp. 


Am... 


(6)  40  X  12.57  =  502.8  lumens. 

(c)  The  mean  horiiontal  candlepower  =  the 
2.5  X  20  =  50  ep. 

(d)  ^  =  1.20  watts  per  m,h.cp. 


ngth  of  the  line  oh  X  21 


j^  =  1.5  watts  lier  ni.s.ep. 
(e)   The  spherical  reduction  factor  ^ 


50  " 


203.  Reflectors.^It  is  irapoasible,  except  in  a  general  way,  to 
design  a  lamp  so  that  it  will  distribute  its  illutuination  in  a 
desired  manner.  The  distribution  of  light  from  hght  sources 
readily  controlled,  however,  by  reflectors,  the  type  of  reflector 
being  determined  by  the  existing  conditions.  In  "white  way' 
illumination,  for  example,  as  used  in  the  business  districts,  it  i 
desirable  that  considerable  light  be  delivered  upward  so  as  to  ilia 
minate  the  front  of  the  buildings.  Ornamental  fixtures  sin* 
lar  to  that  shown  in  Fig.  397  can  be  used.  On  the  other  han( 
light  sent  upwards  in  the  residential  districts  is  either  lost  ( 
is  undesirable  from  the  point  of  view  of  the  residents,  becauE 
such  light  comes  in  at  their  windows.  Hence,  some  type  ( 
fixture  with  a  reflector  similar  to  the  pendant  type  shown  iBi 
Fig,  398  should  be  selected  for  this  type  of  illumination.  Whes 
it  is  desirable  to  throw  the  Ught  into  the  lower  hemisphere, 
prismatic  refractor  is  very  efficient.  This  consists  of  a 
cylinder  in  which  prisms  are  cut.  A  cross-section  of  such 
refractor  is  shown  in  Fig.  399  (vertical  section).  The  prismf 
bend  the  light  beams  downward  by  refraction,  as  shown,  Ofteiii* 
times  a  second  refractor  is  used  in  which  the  prisms  are 
vertically,   as   shown   in    Fig.   399    (horiaontal   section). 
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up  the  light  in  the  horizontal  planes  and  eliminates  glare. 
ire  404  shows  a  roadway  illuminated  by  the  use  of  prismatic 
actors.  Figure  400  shows  the  effect  on  the  light-distribution 
/e  nf  placing  a  reflector  on  a  lamp  used  for  interior  illumi- 
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I       Fio.  397. — General  Electric  or-  Pio.    398.  — Oroaniental    polo 

I    nsmental     lummous      am     lamp  with    steps    and    wooden    rroas- 

mounted  on  Lyon-type  pole.  arniB  for  pendant  type  of  liun- 

!  inous  arc.     {Lundin  Co.) 

on.  The  upward  light  is  re-directed  downward  where  it  ie 
e  useful. 

he  type  of  reflector  to  be  used  is  determined  almost  entirely 
;he  conditions  and  the  illumination  desired.  Such  reflectors 
'  absorb  from  20  to  25  per  cent,  of  the  light  emitted  by  the 
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lamp,  bot  they  btemue  the  Bgfit  ia   die  (fireeckn.  in  wtoefa  it 
n  otilind. 


Fio.  3W. — Macnctile  tie  lamp  with  in 


Fill,  400. — CBn<ilep»wer  distribution  curves  of  lamp  with  soil  without  reflector. 


204.  Interior  lUuminatioD. — Interior  illumination  ib  a  very  b^ 
Kubjr-ct  and  requires  considerable  space  for  a  comprehensiye 
treat m lint.  It  is  more  or  less  complicated  by  the  number  of 
lainpn  that  it  may  be  neces-sary  to  use,  by  the  reflection  from 
Cfiilinf(fl,  walls,  etc.  The  more  involved  problems  require  the 
Herviccs  of  un  illuminating  engineer  who  has  bad  considerable 
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*  experience   in    the    art   of   iUumination.     A    few   fundamental 

principles,  however,  underly  the  general  problem  and  these  will 
be  treated  briefly. 

Interior  iilurainants  are  confined  practically  to  the  vacuum 
Mazda  lamp  and  the  gas-filled  lamp,  although  carbon  lamps  are 
"unfortunately  still  used  in  some  instances.  The  purposes  to  be 
accomplished  by  interior  illumination  are  to  provide  sufficient 
light  for  working,  reading,  writing,  etc.,  and  to  distribute  this 
light  properly  without  glare.     A  lamp  with  a  clear  globe  may  give 


FiQ.  401.— Singlt 


sufficient  light  and  distribute  it  properly,  but  the  glare  of  the  bare 
filament  may  be  objectionable.  Further,  the  artistic  aspect  of 
illumination  should  be  kept  in  mind.  The  fixtures  should  be 
,  the  proper  light  thrown  on  pictures,  decorations,  etc. 
;  and  writing  require  an  illumination  of  from  3  to  4 
fcKit-candles,  whereas  drafting  and  detail  work  may  require  as 
many  as  S  foot-candles.  This  is  the  illumination  necessary  on  a 
plane  about  30  in.  above  the  floor.  In  an  office,  or  drafting  room, 
it  is  desirable  that  this  light  be  provided  entirely  by  overhead 
sources.  Where  a  single  desk  requires  a  higher  intensity  of  illu- 
mination than  the  rest  of  the  room,  desk  lamps  may  be  provided. 

When  lighting  an  interior,  a  single  ceifing  light  in  the  center 
may  suffice  if  the  room  is  not  too  large.    In  this  case  the  reflector 
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should  distribute  the  light  in  a  manner  similar  to  that  indicated  il 
Fig.  401  BO  that  the  walls  will  receive  some  of  the  light.  If  4 
large  room  is  to  be  illuminated,  a  single  center  light  may  t 
insufficient.     Such   a  room   should   be   divided   approxunatfii 


Fio.  402.— Distribi 


in  squares,  as  shown  in  Fig.  402  (a),  and  a  hght  placed  at  thai 
center  of  each  square.  Under  these  conditions,  the  reflector  1 
should  distribute  the  light  in  the  manner  indicated  in  Fig.  402  (6).l 
This  secures  a  more  uniform  lighting  of  the  room. 


Indirect  lighting  is  used  to  a  considerable  extent.  An  opi 
inverted  bowl  is  suspended  from  the  ceiling,  as  shown  in  I 
403.     The  light  is  first  directed  to  the  ceiling  and  is  then  diffu^ 
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throughout  the  room.  This  method  of  lighting  conceals  the 
source  and  insures  a  fairly  uniform  distribution.  The  method  is 
inefficient  and  the  complete  hiding  of  the  source  of  light  is 
considered  objectionable  by  many  persons. 

An  improvement  over  the  indirect  is  the  semi-indirect  system. 
The  opaque  bowl  is  replaced  by  a  translucent  bowl,  allowing  a 
considerable  portion  of  the  light  to  be  transmitted  through  the 
Bxture.  As  in  the  indirect  system,  a  large  amount  of  Ught  is 
directed  to  the  ceiling  and  then  reflected  through  the  room. 
This  system  is  more  efficient  than  the  indirect  and  is  more  pleas- 
ing because  the  source  of  light  is  not  entirely  concealed.  Both 
systems  require  clean,  light-colored  ceilings  for  their  most  effec- 
tive use. 

Factory'  and  shop  hgh  ting  is  a  field  in  itself.  Individual  machines, 
where  fine  work  is  being  done,  may  require  individual  lamps. 
These  lamps  should  be  provided  with  reflectors  which  concentrate 
the  light  on  the  work.  Overhead  belting  militates  against  good 
illumination  and  this  fact  constitutes  a  good  argument  for  indi- 
vidual and  group  drives.  Cranes  often  necessitate  lamps  being 
placed  much  higher  than  is  efficient  from  the  standpoint  of 
illumination.  Where  units  are  placed  high  above  the  floor,  large 
units  are  more  efficient  than  small  ones.  The  cost  of  hghting  a 
factory  is  a  very  small  percentage  of  the  total  cost  of  operation. 
Moreover,  good  illumination  results  in  increased  production, 
more  accurate  work,  and  fewer  accidents.  Particular  care  should 
be  taken  to  provide  good  illumination  in  factories,  mills,  etc. 

206.  Street  niumination. — Street  illumination  differs  materi- 
ally from  interior  illumination.  Interior  illumination  must  be 
such  that  small  details  can  be  clearly  seen.  This  requires  intens- 
ities of  from  1.25  to  8.0  foot-candles.  When  this  high  intensity 
is  obtained,  there  is  no  difficulty  whatever  in  seeing  and  recogniz- 
ing objects.  On  the  other  hand,  the  purpose  of  street  lighting 
is  not  to  show  details  but  to  enable  one  to  see  and  recognize 
objects  and  persons.  Obviously  this  must  be  accomplished  with 
intensities  very  much  less  than  those  used  in  interior  illumination. 
In  a  room,  the  ceilings,  walls,  paper,  etc.  are  nearly  always  light 
in  color  and  considerable  light  is  obtained  by  reflection  from 
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them.  In  street  lighting,  on  the  other  hand,  the  objects  illumi- 
nated are  the  street  and  sidewalk  surfaces,  trees,  etc.,  aJI  of  whidl' 
are  dark  in  tone,  and  any  light  not  falling  directly  on  them  ii 
lost.  The  Kght  reflected  from  buildings  is  so  smalt  that  ii 
not  be  seriously  considered.  The  light  which  goes  upwards 
and  into  trees  is  lost. 

Formerly,  the  idea  of  good  street  lighting  was  to  imitate  day^ 
light  as  closely  as  possible  by  securing  uniform  illuminatiott 
Those  responsible  for  the  design  and  placing  of  street  ligbtiit 
units  directed  their  efforts  towards  obtaining  this  result  t 
the  greater  the  uniformity  the  more  successful  the  installat 


404,— lload  objects  rccoBniaeti  by  ailhouette. 


was  considered.  This  method  of  illumination  has  one  faD 
which  was  not  appreciated  at  first.  With  the  dim  illuminatio 
which  necessarily  accompanies  street  lighting,  objects  are  a 
mostly  by  shadow  and  silhouette.  This  is  illustrated  by  Fig.  40^ 
in  which  the  automobile  is  recognized  almost  entirely  by  iti 
silhouette.  With  uniform  lighting,  obtained  by  using  a  1 
number  of  small  units  placed  close  together,  shadows  and  silho* 
ette  are  almost  entirely  eliminated.  Depressions  and  objects 
in  the  road  become  much  more  difficult  to  distinguish.  This  is 
particularly  true  when  the  object  and  the  road  have  the  same 
general  color. 
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Uniform  lighting  is  considered  good  engineering  in  the  great 
'Mte  ways  which  have  become  popular  in  recent  years.  The 
conditions  here  are,  however,  quite  different  from  those  of  average 
street  Ughting.  The  intensity  of  illumination  is  very  high. 
Buch  white  ways  are  almost  always  situated  in  the  down-town 
lousiness  streets  where  the  light  from  the  lamps  is  supplemented 
\fy  illumination  from  shop  windows,  illuminated  signs,  and 
display  lighting.  Objects  and  persons  are  recognizable  by  very 
?riight  differences  in  color  or  in  outline,  because  of  the  high  in- 


[I  FiO.  405.— Night  iliumitiation,  Nahant  Road, 
■lUminoiiH  arc  lauipH  equipped  with  prismatic  rcfi 
teBeetiOD.) 

lensity  of  illumination  which  exists.     This  is  analogous  to  interior 
plumination. 

Another  feature  of  road  illumination  has  only  recently  become 
irecognized.  Automobiles  give  oiled,  tarred  roads  a  glazed  sur- 
fcice.  When  illuminated  at  night,  Ught  is  reflected  from  the 
^adway  to  the  observer  as  from  a  mirror.  It  is  the  same  pheno- 
naenon  as  the  moon  shining  on  the  water.  Figures  404  and  405 
iAiow  examples  of  this  phenomenon,  which  is  called  "specular 
Bflection."     Just  as  in  the  case  of  a  floating  object  coming  into 
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the  reflected  moonlight  on  the  water,  so  an  object  on  the  road 
is  clearly  silhouetted  against  this  "specular  reBection"  from  the 
road.  This  is  well  illustrated  by  Figs,  404  and  405,  where  even 
the  very  shght  road  ripples  can  be  clearly  seen.  This  reflection 
is  better  obtained  by  using  a  few  large  unitSj  spaced  some  dis- 
tance apart,  than  by  using  a  large  number  of  small  units  placed 
close  together,  as  in  attempting  to  obtain  uniform  illumination. 
The  use  of  automobiles  has  added  to  the  problems  of  street 
illumination.     Owing  to  the  high  speedof  this  type  of  vehicle,  im- 
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Fio.  40Q.^lllum illation  of  Public  Library,   Lyon,   Mass.,   wilh   fluud-Iiglitinf 

proper  illumination  may  lead  to  many  accidents.  A  very  common 
cause  of  such  accidents  is  the  improper  location  of  the  lighting 
units  at  curves,  etc.  Care  should  be  taken  to  so  locate  the 
units  as  to  eliminate  the  glare  in  the  drivers'  eyes  and  at  the 
same  time  to  make  clearly  visible  any  object  approaching  in 
the  opposite  direction, 

206,  Flood  Lightrng. — Many  spectacular  and  pleasing  effects 
have  resulted  from  flood  lighting.  This  type  of  illumination 
is  obtained  by  projecting  the  light  on  the  building  or  object  to 
be  illuminated  by  means  of  properly  located  projectors.     Flood 
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lighting  is  commonly  applied  to  the  illimiination  of  pubUe 
buildings,  statues,  etc.  (the  Statue  of  Liberty  in  particular). 
It  was  extensively  used  at  the  Pan-American  Exposition  in  San 
Francisco  in  1915.  In  flood  lighting  it  is  necessary  not  only  to 
illuminate  the  object  but  the  projectors  must  be  so  placed  that 
architectural  details  are  brought  out  by  relief  and  shadow.  This 
is  well  illustrated  by  Fig.  406  showing  the  Public  Library  at 
Lynn,  Mass. 

During  the  past  few  years,  street  lighting  has  been  studied  not 
only  from  the  photometric  standpoint,  but  from  the  architectural 
point  of  view  as  well.  In  many  instances  crude  poles,  mast  arms 
ete.  have  been  replaced  by  ornamental  fixtures  of  the  type  shown 
ki  Fig.  397. 


APPENDIX  A 
Circular  Measure — The  Radian 

The  radian  is  circular  angle  subtended  by  an  arc 

^     equal  in  length  to  the  radius  of  its  circle  as  shown  in 

\     the  figure.     The  circle  has  a  radius   of  r  units  and 

"^  the  radian  is  subtended  by  an  arc  whose  length  is  r 

units. 

As  the  circumference  of  a  circle  is  2irr  units,  there 
must  be  2t  or  6.283  radians  in  3^**.  Therefore  1 
radian  equals  36072x  =  57.30**-  It  follows  that 
180°  =  x  radians. 

Angular  velocity  is  often  expressed  in  radians  per  second,  and  the  accepted 
symbol  is  w  (omega).  In  every  revolution  a  rotating  quantity  completes 
2t  radians.  If  the  rotating  quantity  makes  n  revolutions  per  second,  its 
angular  velocity  co  =  27rn  ramans  per  second. 

APPENDIX  B 
Trigonometry — Simple  Ftmctions 

^    rrki.     '      /  •  \    jf  1  opposite  side 

1.  The  sine  (sm)  of  an  angle  =  -r-^- — r 

hypotenuse 

«    rr>.  •       /      \    i-  1  adjacent  side 

2.  The  cosme  (cos)  of  an  angle     =  v— ^ — r 

hypotenuse 

3.  The  tangent  (tan)  of  an  angle  =  -3I- 7 — -^ 

adjacent  side 

1        _  adjacent  side 
tan  opposite  side 

_}_  —  hypotenuse 
cos  adjaceiit  side 

1  _  Jiypotenuse 
sin  opposite  side 


4.  The  cotangent  (cot)  = 

6.  The  secant  (sec)  = 
6.  The  cosecant  (cosec)  = 


7.  sin  A  = 


8. .cos  A  = 


a 


a 


9.  tan  A  —  T 

0 


10.  cotA  =  -  = 


a     tan  A 

11.  sec  A  =  T  = / 

0      cos  A 

12.  cosec  A   =  -  =  -r 


a      sin  A 


Ratio  of  sides  in  a  right  isos- 
celes triangle 


14. 


Ratio  of  sides  in  a  30-60  de- 
gree right  triangle 


16.  sin  B   =  -  =  cos  A  =  cos  (90°  -  B),  since  A  =  90°  -  B 

16.  cos  B  =  -  =  sin  A  =  sin  (90°    -B) 
c 
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<  _   an  A  ale       o       ,        . 

17. J  =  irr  =  T  =  tan  -A 

cos  A  o/c       0 

18.  sin  30*'  =  0.5 

19.  cos  30**  =  \/3/2  =  0.866 

20.  sin  eO*'  =  \/3/2  =  0.866 

21.  cos  60°  =  0.5 

22.  tan  30**  =  l/Vs  =0.577 

28.  tan  60**  =  V3  =  1.732 

24.  sin  45**  =  cos  45**  =  l/\/2  =0.707 

26.  tan  45**  =1.0 
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APPENDIX  C 

Ftmctions    of    Angles    greater    than    90' 
oh  the  radius  vector  is  always  positive 

First  Quadrant 


± 


*^ 


/ 


A' 


^ 


:^, 


;  \  Q  , 


sin  A 

4-  oh 

sin  is  (4-) 

cos  A 

4-  oa 
4-  oh 

cos  is  ( 4-) 

tan  A 

4-a6 
+  oa 

tan  is  ( 4-) 

Second  Quadrant 

sin  A 

4-a6 
4-  o6 

sin  is  ( +) 

cos  A 

—  oa 

4-  o6 

cos  is  (— ) 

tan  A 

4-a6 
—  oa 

tan  is  (— ) 

Third  Quadrant 

sin  A 

-ab 
+  o6 

sin  is  (— ) 

cos  A 

» 

—  oa 

-\-oh 

cos  is  ( — ) 

tan^ 

—  ah 

—  oa 

tan  is  ( 4-) 

Fourth  Quadrant 

sin  A 

-ah 

-hob 

sin  is  ( — ) 

cos  A 

4-  oa 
4-  oh 

cos  is  ( 4-) 

tan  A 

-ah 

tan  is  ( — ) 

(Also  see  graphic  representation  of  Trigonometric  Functions) 
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270°       360" 
Graphic  Representation  of  Trigonometrio  Functions. 

26.  sin  (90**    -{■  x)  =  cos  x 

27.  cos  (90**    -{■  X)  =  -  sin  a; 

28.  tan  (90**    -^  x)  =  -  cot  x 

29.  sin  (180**  -  x)  =  sin  x 

30.  cos  (180**  —  x)  =  -  cos  a; 

31.  tan  (ISO**  -  x)  =  -  tan  x 
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39. 

40. 
41. 

42. 


43. 


APPENDIX  D 
Simple  Trigonometric  Formulas 

02    +  62    =   c2 


62 


^-    +  ^     =    ^    =    1 

a 
since  sin  X  =  - 

c 


cos  X  = 


6 
c 


32.  .*.   sin^  4-  cos^x  =  1 

33.  sec^x  =  1  4-  tan^x 

34.  sin  (x  4-  2/)  ==  sin  x  cos  y  4-  cos  x  sin  2/ 
36.  sin  (x  —  2/)  =  sin  x  cos  y  —  cos  x  sin  t/ 

36.  cos  (x  4-  y)  =  cos  X  cos  y  —  sin  x  sin  y 

37.  cos  (x  —  2/)  =  cos  X  cos  2/  4-  sin  x  sin  t/ 

tan  X  4-  tan  2/ 


38.         tan  (x  4-  2/)  = 


tan  (x  —  2/)  = 
sin  2x  = 


1  —  tan  X  tan  2/ 
tan  X  —  tan  t/ 


cos 


1  4-  tan  X  tan  y 

2  sin  X  cos  x 
2x  =  cos^x  —  sin2x 

2  tan  X 


tan  2x  = 


1  —  tan^x 


a 


sin  A 


Law  of  Sines. — 
In  any  triangle 

6_    ^      c 
sin  B       sin  C 


Law  of  Cosines. — In  any  triangle  the  square  of  any  side  is  equal  to  the 
sum  of  the  squares  of  the  other  two  sides  minus  twice  the  product  of  these 
two  sides  into  the  cosine  of  their  included  angle. 

That  is: 

44.  a^  =  52  4.  c2  __  26c  cos  A 

46.     cos  A  = 

46.  cos  B  = 

47.  008  C  =«  _  , 

2a6 


26c 
c2  4-  a2  - 

62 

2ca 

a2  4-  62  - 

c« 
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Natural  T&ngenu  and  CoCuigaDt*                                             H 

NOTB 
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APPENDIX  H 
Resistance  of  Copper  Wire,  Ohms  per  Mile  26''C.  (77T.) 
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For  more  detailed  tables,  see  Vol.  I,  pages  45  and  46. 
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QUESTIOMS   ON   CHAPTER  1 


1.  State  briefly  some  of  the  advantages  of  direct  over  alternating  current 
r  induHtrial  purposes,     nliich  type  of  power  supply  is  beat  adapted  to 

raetion  purposes?     Why  is  direct  current  necessary  for  electrolytic  work? 

2.  In  spite  of  the  many  advantages  of  direct  current  why  is  a  large  per- 
jntage  of  power  at  the  present  time  generated  as  alternating  current? 

ne  some  secondary  reasons  for  generating  power  as  aJternating  current. 

.  How  does  the  weight  of  transmission  conductor  vary  with  the  trans- 
liesion  voltage?    Give  reasons  why  it  may  be  more  economical  to  generate 
in   large   quantities   and   transmit  it   over  expensive   transmission 
jrstema  rather  than  to  generate  it  at  the  point  of  use, 
'.  What  is  meant  by  a  sine  wave?     Do  commercial  alternators  as  a  rule 

erat*  sine  waves?  Why  are  sine  waves  assumed  in  making  alternating- 
urrent  calculations? 

.  Describe  a  graphical  method  of  producing  a  sine  wave,  i^how  how 
ach  a  wave  may  be  plotted  by  the  use  of  sine  tables. 

6.  Through  how  many  space-degrees  must  a  coil,  rotating  in  a  bipolar 
field,  turn  before  one  cycle  is  completed.  Under  these  conditions  what  is 
the  relation  of  the  space-degree  to  the  eiectricaJ  degree?  What  is  meant 
by  an  alternation? 

7.  In  a  four-pole  maciiine,  through  how  many  space-degrees  must  a 
coil  turn  before  a  cycle  is  completed?  Why?  In  this  ease  what  is  the 
relation  between  electrical  and  space-degrees?  How  fast  in  r.p.s.  must 
such  a  coil  rotate  in  order  to  produce  a  frequency  of  60  cycles  per  second? 

|Jb  r.p.m? 

b  8.  What  are  two  advantages  of  the  higher  frequencies  for  commercial 
■neneration  and  utilization?  Name  two  distinct  disadvantages  of  the 
[Ugher  frequencies, 

9.  Why  is  60  cycles  per  second  usually  chosen  as  the  system  frequency 
when  a  power  company  supplies  both  lighting  and  power  loads?  Under 
what  conditions  is  25  cycles  used?  What  is  the  advantage  of  this  frequency 
over  60  cycles? 

10.  What  is  the  average  value. of  an  alternating-current  wave  over  one 
complete  cj'cle?  Upon  what  is  the  value  of  an  alternating-current  ampere 
baaed?     Define  an  aiternating-eurrent  ampere. 

11.  How  does  the  heating  effect  of  a  current  vary  with  the  current? 
How  does  the  squared  current  wave  compare  with  the  original  current  wave 
as  regards  frequency,  maxiaium  value,  and  its  axis  of  symmetry?  What  is 
the  ratio  of  the  maximum  to  the  effective  value  of  a  sine  wave?  What  is 
the  ratio  of  effective  to  average  for  a  half  cycle  and  what  is  this  ratio  called? 

12.  Compare  1  ohm  resistance  for  alternating  current  with  I  ohm  resis- 
tance for  direct  current.     Uow  is  an  alternating-current  volt  defined? 

I  467 
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15.  Define  a  scalar  quantity;  a  vector  quantity.  How  are  vectors  repre- 
sented? How  are  they  added?  What  is  meant  by  the  parallelogram  of 
forces?  The  triangle  of  forces?  How  are  vectors  subtracted  from  one 
another? 

14.  What  is  meant  by  a  current  and  a  voltage  being  in  phase  with  each 
other?  In  what  terms  is  phase  difference  expressed?  A  certain  wave 
crosses  the  zero  axis  in  a  positive  direction  to  the  right  of  another  wave. 
Is  the  first  wave  lagging  or  leading  the  other?    Explain. 

16.  If  two  current  waves  are  plotted,  how  can  the  sum  of  the  currents 
be  deterinined?    If  two  currents  are  in  phase  how  is  their  sum  found? 

16.  Is  the  sum  of  two  current  waves  necessarily  equal  to  their  algebraic 
sum?    Explain.     How  may  this  be  proved? 

17.  Explain  how  a  sine  wave  is  produced  by  a  rotating  vector.     How 
is  the  value  of  the  wave  determined  at  any  instant?     What  is  the  relatio 
of  the  speed  of  the  rotating  vector*  to  the  circuit  frequency? 

18.  If  two  current  waves  differ  in  phase  by  a  certain  angle,  what  is  the 
relation  existing  between  the  vectors  which  produce  these  waves?  Illus- 
trate with  sketches. 

19.  What  is  the  fundamental  method  of  adding  two  currents?  How  is 
the  resultant  current  determined? 

20.  What  relation  exists  between  the  resultant  wave  and  the  vector  sum 
of  the  rotating  vectors?  Does  this  suggest  a  ready  method  of  adding 
alternating  currents  or  voltages?  Why  may  vectors  representing  effective 
values  be  used  as  well  as  vectors  representing  maximum  values? 

PROBLEMS  ON  CHAPTER  I 

1.  An  alternating  current  has  an  effective  value  of  28.3  amp.,  making  its 
maximum  value  40  amp.  Draw  this  wave  to  scale  by  the  method  of  Fig. 
2,  page  4  and  also  construct  this  wave  from  a  table  of  sines.  (See  page 
5.)     Indicate  the  effective  and  average  values  of  this  wave. 

2.  Find  the  instantaneous  values  of  the  current  in  problem  1  for  angles  of 
30°,  60°,  270°,  290°,  using  a  table  of  sines.  If  the  frequency  of  this  wave  is 
25  cycles  per  second,  to  what  values  of  time  do  the  above  angles  correspond 
assuming  that  the  time  is  zero  when  the  wave  crosses  the  axis  in  a  positive 
direction? 

3.  An  alternating  voltage,  following  a  sine  law,  has  a  maximum  value  of 
155  volts  and  a  frequency  of  60  cycles  per  second.  What  is  the  value  of 
this  voltage  0.001,  0.004  and  0.01  sec.  after  crossing  the  zero  axis  in  a  positive 
direction  ? 

4.  A  60-cycle  water-wheel  generator  has  a  speed  of  120  r.p.m.  How 
many  poles  has  this  generator?  How  many  electrical  space-degrees  corre- 
spond to  one  actual  space-degree? 

6.  What  is  the  speed  in  r.p.m.  of  a  60-cycIe,  10-pole,  turbo-driven  alter- 
nator? How  many  electrical  space-degrees  correspond  to  one  actual 
space-degree? 

6.  What  is  the  frequency  of  a  750  r.p.m.  four-pole  alternator?  Of  a 
500  r.p.m,  four-pole  alternator? 
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7.  What  is  the  equation  of  a  110-volt,  60-cyele  voltage?  What  is  tJio 
inatantaneoua  value,  of  this  voltage  when  the  time  is  0.002  spc?  0.004  sec? 
B.  Plot  the  squared  values  of  the  current  wave  of  problem  1,  UHing  a 
much  smaller  scale  for  the  squared  values,  (a)  What  is  the  frequency  of 
~the  squared  wave?  (b)  What  distance inamperes  is  its  axis  above  the  original 
axis?  (r)  What  is  its  average  value?  (li)  What  is  the  square  root  of  this 
average  value?     (p)  What  relation  exists  between  (d)  and  the  mBsimum 

9.  A  certain  current  has  an  effective  value  of  20  amp.  What  is  its  maxi- 
mum  value?  What  direct  current  will  produce  the  same  heating  in  a  given 
ohmic  resistance. 

10.  A  certain  direct-current  aeries-arc  aystera  is  not  guarantee*!  to  oper- 
ate safely  at  any  voltage  in  excess  of  10,000  volts  between  wires.  This 
system  is  lat^  stipphed  with  alternating  current  by  a  cons  tan  l^-current 
transformer.     What  is  the  eSective  value  of  the  highest  alternating  elec- 

,  tromotive  force  that  can  be  safely  used? 

11.  Sketch  a  current  and  a  voltage  wave  having  efloctive  values  of  12 
amp.  and  120  volts  respectively  and  in  which  the  current  lags  the  voltage 
by  45°.  If  the  voltage  wave  is  passing  through  zero  in  a  positive  direction 
at  1:00  o'clock  at  what  time  will  the  current  wave  be  going  through  its 
corresponding  phase? 

12.  Plot  two  waves  corresponding  to  currents  having  elTeetive  values  of 
20  and  30  amp.  respectively,  these  two  currents  differing  in  phase  by  90", 
the  30  amp.  current  lagging.  Add  the  ordinates  of  these  two  waves  point 
by  point  and  plot  the  resulting  wave,  (a)  What  ia  its  maximum  value? 
(6)   What  is  its  effective  value?     (c)   What  result  ia  obtained  by  adding 

)  current  vectors  of  20  and  30  amp.  laid  off  at  right  angles?  (d)  What 
is  the  angle  between  the  resultant  wave  and  the  20-amp.  wave? 

13.  Repeat  problem  12  when  the  two  waves  differ  in  phase  by  60°. 

At.  Two  generator  coils  generate  200  volts  and  400  volts  respectively. 
•These  two  voltages  differ  in  phase  by  120°,  the  200  volts  leading.  If  con- 
nected in  series,  what  is  the  voltage  across  their  open  ends? 

IB.  If  the  400-volt  coil  is  reversed  the  two  voltages  now  differ  in  phase  by 
W.    Find  the  re-sultunt  voltage. 

18.  If  .both  coils,  problem  14,  generate  200  volts,  find  the  resultant 
voltage. 

17.  Repeat  problem  16  except  that  one  of  the  voltage  coils  is  reversed, 
making  the  two  voltages  differ  in  phase  by  60°. 

QUESTIONS  OK  CHAPTER  n 

1.  How  may  the  power  in  an  alternating-current  circuit  be  determined 
at  any  instant?  What  is  the  general  character  of  the  power  curve  when  the 
voltage  and  the  current  arc  in  phase?  (Illustrate  by  sketch.)  What  is 
the  maximum  value  of  this  curve  in  watts?     The  average  value? 

2.  In  what  way  does  the  power  curve  for  a  circuit  in  which  the  currant 
lags  90°  behind  the  voltage  differ  from  that  in  which  the  current  is  in  phase 
with  the  voltage?     What  is  the  average  power  in  such  a  circuit? 
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3.  What  ia  the  average-pover  of  a  circuit  ii 
volta^  by  90"? 

4.  When  the  curreat  aad  the  voltage  differ  Id  phase  by  an  an^  vhiA  I 
is  less  than  90°  but  greater  than  sero,  what  is  the  general  characto'  of  the 
power  curve?     Make  a  sketch.     What  is  meant  by  power-faetort     Wh»tis 
power-factor  equal  to,  numerically? 

fi.  When  an  alternating  voltage  is  impressed  across  a  resistance,  whA 
phase  relation  exifitd  between  this  voltage  and  the  resulting  current?  HoU 
may  (he  value  of  the  current  be  calculated,  knowing  the  voltage  and  (I 
resistance? 

6.  What  is  the  effect  of  inductance  on  the  building  up  of  a  curreat  in! 
circuit  across  which  a  steady  direct-current  voltage  is  impressed?  Wbl 
occurs  when  the  current  attemps  to  die  out  in  an  inductive  circtutT 

7.  Stale  how  the  current  may  be  prevented  from  reaching  its  CHm 
law  value  in  an  inductive  circuit. 

6.  What  effect  does  inductance  in  on  alternating-current  circuit  ha' 
upon;  (a)  the  phase  angle  between  the  current  and  the  voltage;  [&I  tJ 
magnitude  of  the  current?  What  is  the  effect  of  frequency  upon  ti 
magnitude  of  the  current?     What  is  "inductive  reactance?" 

9.  What  in  general  is  the  effect  of  capacitance  upon  the  flow 
in  any  electric  circuit?     How  does  capacitance  aSect  (a.i  the  phase  an^ 
between   the   current   and   the  voltage  in  an   alternating-current   circuB 
(b)  the  maRnitude  of  the  current? 

10.  What  is  the  effect  of  frequency  upon  the  m^nitude  of  the  c 
in  a  condensive  circuit?     What  is  condensive  reaclance?     What  is  the  valti 
of  the  average  power  taken  by  a  perfect  condenser? 

11.  What  is  the  phase  relation  existing  l>etween  the  current  and  tl 
voltage  across  the  resistance  in  a  circuit  containing  resistance  and  inductan 
in  series?  Between  the  current  and  the  voltage  across  the  inductana 
How  is  the  Une  voltage  obtained? 

15.  What  is  meant  by  impedance?  How  may  the  angle  between  tl 
line  voltage  and  the  current  be  determined?  What  relation  does  tl 
angle  bear  to  the  power  in  the  circuit? 

13.  What  ia  the  phase  relation  existing  between  the  current  and  ( 
voltage  across  the  resistance  in  a  circuit  containing  resistance  and  capai 
tance  in  series?  Between  the  current  and  the  voltage  across  the  capii 
tance?  What  phase  relation  exists  between  the  line  voltage  and  t 
current? 

14.  Sketch  the  vector  diagram  of  a  circuit  contjiining  resistance,  inductai) 
and  capacitance  all  in  series.     How  may  the  circuit  phase-angle  be  touiui 

16.  What  is  meant  by  "resonance'"  in  an  all«mating-cuiTent  circu 
What  phase  relation  exists  between  the  line  voltage  and  the  line  currei 
What  is  the  numerical  relation  existing  between  the  inductive  voltage  b) 
the  condensive  voltage?    Show  that  with  both  inductance  and  capacitance 
in  n  series  circuit,  the  voltage  across  each  can  be  several  times  the  line  voltAge. 

U.  In  practice,  why  is  parallel  grouping  of  resistances,    induct 
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D  than  series  grouping.  How  may  the  resultant  of  several 
currents  be  found?  In  what  way  does  parallel  resonance  differ  from  series 
resonance  especially  with  r^iard  to  the  value  of  the  current?  In  what 
way  are  the  two  similar? 

17.  Explain  why  the  altemating-curreat  resistance  of  an  iron-cored 
impedance  coil  differs  from  the  direct-current  resistance.  How  may  this 
resistance  be  taken  into  consideration  when  the  impedance  coil  is  connected 
in  circuit  with  resistance,  etc? 

18.  How  may  the  phase  relations  ojuating  in  a  series  circuit  having  two 
component  voltages  be  determined  when  the  voltages  across  the  various 
parts  of  the  circuit  are  known?  Make  a  sketch.  Howmay  the  power  and 
the  power-factor  of  all  parts  of  the  circuit  be  determined? 

19.  Explain  why  a  circuit  in  which  the  line  voltage  and  three  component 
voltages  are  all  known  in  maKnitiide  only,  cannot  be  determined  unless  one 
more  factor  be  known.  What  additional  information  makes  the  circuit 
relations  determinable. 

30.  In  what  way  is  the  polygon  of  currents  similar  to  the  polygon  of 
voltages?     bi  what  way  do  the  two  polygons  differ? 

31.  What  ia  meant  by  energy  current?  What  relation  does  it  bear  to  the 
power?  Wliat  is  quadrature  current  and  what  relation  does  it  bear  to 
the  power?     Why  is  quadrature  current  usually  undesirable? 

PROBLEMS   ON    CHAPTER  II 

18.  A  certain  lamp  load  consists  of  50  60-watt  lamps,  each  lamp  having 
a  resistance  of  220  ohms.  Compare  the  power  taken  by  this  load  when 
connected  across  113  volts  direct  current  and  across  113  volts  alternating 
current. 

18.  A  certain  transformer  takes  30  kw.  at  2,200  volts  and  the  current  is 
15  amp.     What  is  the  power-factor  of  this  load? 

SO.  A  single-phase  motor  takes  4.68  kv-a.  (kdo volt-amperes)  at  220 
volts  and  at  a  power-factor  of  O.SO.  How  much  power  and  how  much 
current  does  it  take  from  the  line? 

%l.  A  non-inductive  resistance  of  12  ohms  is  connected  across  120-voIt 
alternating-current  mains.     What  current  and  what  power  does  it  take? 
^  33.  Determine  the  current  taken  by  a  coil  having  0.3  henry  inductance, 
when  connected  across  U5-volt  60-cycle  mains;  llS-volt  25-cycle  mains. 

33.  A  coil  whose  resistance  is  negligible  but  which  has  an  inductance  of 

0,2  henry  is  connected  across  UO-voit  25-oycle  mains,     (n)  What  current 

flows?     (6)  For  what  value  of  frequency  will  the  current  be  2  amp.? 

^^U.  A  condenser  whose  capacitance  is  12  m.f.  is  connected  across  220- 

r  volt  60-cycle  mains,     {a)  What  current  does  it  take?     What  would  be  the 

current  if  the  frequency  were  133  cycles  per  second? 

SB.  Itiadesired  to  obtain  16  amp.  leading  current  by  the  use  of  a  condenser 
ooonected  across  220-volt  60-cycle  mains. 

(o)  How  majiy  m.t.  are  necessary?  (6)  What  is  the  kv-a.  capacity  of 
this  condenser?     {e)  What  would  the  kv-a.  capacity  of  the  condenser, 
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found  in(  a),  be  at  440  volts?     {d)   How  does  the  kv-a.  capacity  o 
denser  vary  with  the  voltage? 

28.  A  certain  oondenaer  when  connected  across  115-volt  25-cycIe  alter- 
nating-current mains  takes  8  amp.  What  current  does  it  take  if  the  frsquenef 
and  capacitance  are  both  doubled? 

27.  Repeat  problem  26  for  on  inductance  taking  8  amp.  under  the  bi 
conditions. 

28.  In  a  circuit  having  an  inductive  reactance  of  8  ohms  and  an  obmift 
resistance  of  6  ohms,  12  amp.  flow,  (a)  What  is  the  voltage  a 
resistance?  (6)  Across  the  reactance?  (c)  What  ia  the  circuit  voltagB? 
(i)  How  much  power  does  the  circuit  take  and  what  is  its  power-facbvT 
(e)  What  is  the  phase  angle  between  the  circuit  voltage  and  the  ourrentt 

29.  What  is  the  power-factor  of  a  circuit  which  has  a  resistance  of  3  obmi 
and  a  reactance  of  4  ohms?     What  current  flows  if  the  voltage  if 
and  how  much  power  does  the  circuit  consume? 

30.  Repeat  problem  29  making  the  inductive  reactance  twice  the  value ' 

31.  What  current  flows  in  a  circuit  consisting  of  a  40  ra.f.  condenser  and  . 
30  ohms  resistance  in  series  if  connected  across  120-volt  60-cycle  mains?  ■ 
What  'vt  the  voltage  across  the  resistance?  The  condenser?  What  power 
does  the  circuit  take  and  what  is  its  power-factor? 

32.  Repeat  problem  31  substituting  a  50  m.f.  condenser  for  the  40  tdX,-, 

33.  A  series  circuit  consisting  of  10  ohms  resistance,  15  ohms  InduotiTi 
reactance,  and  20  ohms  oondensive  reactance  is  conneclod  across  220-va 
60-cycle  mains.  Find  (a)  the  current.  (6)  The  voltage  across  each  eircu 
member,  (c)  The  power  taken  by  the  circuit,  (d)  The  power-factor  an 
power-factor  angle  of  the  circuit.  Draw  a  vector  diagram  of  the  ciroa 
to  scale. 

34.  A  potential  difference  of  220  volta  at  60  cycles  is  impressed  acrogs  K- 
cireuit  having  .50  ohms  resistance,  15  m.f.  capacitance  and  0.2  henry  induD- 
tance  all  in  series,  {a)  What  current  flows?  (6)  What  i 
across  the  resistance,  the  inductance  and  the  capacitance?  (c)  What  power 
does  the  circuit  consume?  (d)  What  is  its  power-factor  and  power-factor 
angle?     Draw  a  vector  diagram  of  this  circuit  to  scale. 

3G.  A  resistance  of  10  ohms,  an  inductance  of  0.1  henry  and  a  40  n 
condenser  are  connected  in  series  across  220-volt  60-cycle  mains,  (o)  What, 
current  flows?  (6)  What  power  is  taken  fpim  the  Lne?  (c)  What  is  tht 
voltage  across  the  resistance,  the  inductance  and  the  capacitance?  {if\ 
What  is  the  cireuit  power-factor  and  power-factor  angle?  Draw  a  vector^ 
diagram. 

36.  Jf  the  inductance  of  problem  35  were  adjustable,  for  what  value  wouki 
the  current  be  a  maximum?  Find  the  current,  the  power,  the  power-factCC 
and  the  voltages  under  these  conditions. 

37.  A  circuit  contains  a  resistance  of  10  ohms  and  an  inductance  of  0.31 
henry  and  a  variable  condenser  all  in  series.     If  the  frequency  is  00  cycloii 
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tor  what  value  of  the  capaoitance  will  the  current  be  a  maximum?  If  ttie 
line  voltage  ia  20  volts,  what  are  the  current,  power,  power-factor  and  the 
various  voltages? 

38.  A  resistance  of  10  ohms,  a  50  m.f.  condenser  and  an  inductance  of 
0.05  henry  are  connected  in  parallel  across  100-voIt  60-cycle  maiDS.  What 
current  does  each  take  and  what  is  the  total  line  current? 

39.  An  inductance  having  negligible  resistance  and  a  condenser  are 
connected  in  parallel  acroaa  25-cycle  mains.  Each  takes  2  amp.  (a)  How 
much  current  does  the  line  supply?  (b)  If  the  frequency  is  doubled,  how 
much  current  does  the  line  supply? 

40.  A  non-inductive  resistanee  and  an  impedance  coil  are  connected  in 
series  across  120-volt  60-cycle  mains.  The  voltage  across  the  resistance 
is  found  to  be  90  volts  and  that  across  the  impedance  90  volta.  If  the 
current  ia  5  amp.,  determine  (a)  the  circuit  power  (6)  the  circuit  power- 
factor  (c)  the  impedance  power-factor  (d)  the  inductance  of  the  impedance 

41.  To  measure  the  power  consumed  by  a  116-volt  single-phase  induction 
motor,  it  is  connected  in  aeries  with  a  non-inductive  resistance  across  220- 
volt  mains.  When  the  motor  takes  20  amp.  the  resistance  is  so  adjusted 
that  the  voltage  across  the  motor  terminals  ia  115  volts  and  that  across 
the  resistance  is  127  volts.  What  power  is  the  motor  taking  and  what  is  the 
power-factor  of  the  motor  and  of  the  system? 

13.  A  series  alternating-current  circuit  consisting  of  a  resistance,  an 
impedance  coil  and  a  condenser  having  neghgible  leakage  takes  420  watts  at 
115  volts,  60  cycles  and  5  amp.  lagging  current.  The  voltage  across  the 
resistance  is  75  volts  and  that  across  the  capacitance  is  90  volts.  Find 
(a)  the  power  consumed  in  the  resistance.  (6)  The  power  consumed  in  the 
impedance  coil,  (c)  The  voltage  across  the  impedance  coii.  (d)  The  capaci- 
tance of  the  condenser  in  m.f.  (e)  The  inductance  of  the  impedance  coil 
in  henrys. 

43.  A  series  circuit  consisting  of  a  resistance  of  10  ohms,  an  inductance 
coil  (resistance  negligible)  and  an  unknown  condenser  all  in  series  is  con- 
nected across  220-volt  60-cycle  mains.  When  10  amp.  leading  current 
flow  in  the  circuit  the  combined  voltage  across  the  capacitance  and  induc- 
tance is  250  volta.     What  is  the  value  of  the  unknown  capacitance? 

44.  A  non-inductive  resistance  and  an  impedance  coil  are  connected  in 
parallel  across  IlO-volt  60-cycle  mains.  When  the  impedance  and  resis- 
tance each  take  20  amp.  the  !ine  current  is  32  amp.  What  power  is  the 
impedance  taking?     The  circuit?     What  is  the  power-factor  of  ench? 

46.  A  non-inductive  resistance,  an  impedance  and  a.  condenser  having 
negligible  power  loss  are  all  connected  in  parallel  across  110-volt  60-cycle 
mains.  The  resistance  takes  12  amp.,  the  condenser  10  amp.,  the  impedance 
13  amp.  and  the  line  supplies  15  amp.  to  these  three.  Find  (a)  the  circuit 
power;  (b)  the  circuit  power-factor;  (c)  the  power  taken  by  the  impedance; 
(d)  the  impedance  power-factor. 

46.  A  certain  load  takes  2  kw.  at  220  volta  SO  cycles  and  at  a  power-factor 
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of  0.707,  lagging.  How  much  energy  and  how  much  quadrature  current 
does  thia  load  take?  If  this  load  is  supplied  over  n  line  each  wire  of  which 
has  one  ohm  resistance,  what  is  (a)  The  total  line  loss?  (6)  The  line  loss 
due  to  the  energy  current?      {e)  The  hue  losa  due  to  the  quadrature  current! 

47.  In  problem  46  how  lai^e  a  condenser  would  be  neceasary  in  order  ta 
make  the  power-factor  of  the  load  unity?  What  is  the  hne  loss  under  tbeeoi 
conditions? 

48.  A  certain  transmission  line  delivers  30  kw.  at  2,300  volte  and  the 
power-factor  of  the  load  ia  0.80.  The  hne  loss  is  5  kw.  (a)  What  current 
flowa  over  the  hne?  (6}  How  much  is  quadrature  current?  (c)  How  much' 
is  energy  current?  (rf)  What  ia  the  line  losa  due  to  energj-  current  and 
what  is  that  due  to  quadrature  current? 

QUESTIONS  ON  CHAPTER  m 

1.  Describe  the  principle  of  the  Siemens  Electro-dynamometer.  How 
are  its  coils  connected  and  what  ia  the  relation  existing  between  the  turning 
moment  and  the  current?  What  are  the  disadvantages  of  this  type  otf 
instrument? 

2.  In  what  way  is  the  indicating  electro-dynamometer  similar  to  thej, 
Siemens  dynamometer?     In   what   ways  do  the  two  instruments  diflerl 

3.  Explain  how  the  electro^dynainometer  principle  may  be  applied  to  s 
voltmeter.  What  is  the  general  character  of  the  scale  divisions?  Compare 
its  current  with  that  taken  i>y  a  direct^urrent  instrument  of  the  same  range. 
Discuss  the  accuracy  of  such  an  instrument  when  used  with  direct  current. 

4.  Describe  the  inclined-coil  voltmeter,  giving  the  principle  upon  whichi 
it  operates. 

G.  What  difficulty  arises  when  attempt  is  made  to  apply  the  dyn&^J 
mometer  principle  to  the  alternating-current  ammeter? 

5.  Describe  the  construction  of  a  wattmeter  and  give  the  principle  of  I 
its  operation.  Show  how  it  is  connected  to  a  circuit.  Give  the  best  method.  I 
of  connecting  the  potential- circuit,  especially  when  the  instrument  is  used  J 
in  connection  with  considerable  voltage. 

7.  Show  two  possible  methods  of  connecting  a  wattmeter  in  circuit.  J 
Discuss  the  corrections  that  should  be  made  in  each  case,  if  the  exact  valufl  ( 
of  the  power  is  desired.     What  compensation  for  these  errors  can  t 
in  the  construction  of  the  instrument? 

8.  What  precautions  should  bo  taken  against  over-loading  a  wattmetetl  | 
How  are  wattmeters  rated  and  why? 

9.  Give  the  advantages  of  a  polyphase  wattmeter  over  single-phafldifl 
instruments.     How  is  the  polyphase  wattmeter  constructed? 

10.  How  are  wattmeters  calibrated?    Give  a  diagram  of  connection! 

11.  Describe  how  the  Weston  iron-vane  type  of  voltmeter  utiUces  t 
principle  of  magnetized  iron.  Upon  what  fundamental  electrical  principl 
does  this  instrument  operate?    How  is  the  instrument  damped? 

12.  Show  how  the  iron-vane  principle  has  been  adapted  to  an  inclined 
coil  instrument.     What  two  methods  are  used  to  damp  this  instrumentT 
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13-  What  change  should  be  made  in  the  construction  of  the  above  two 
types  of  iron-vane  voltmeters  in  order  that  they  may  be  used  as  ammeters? 
What  are  the  Umitations  of  iron-vane  instruments  for  direct-current 
measurements  ? 

14.  Discuss  the  use  of  direct^current  watthour  meters  upon  aJtemaiting- 

16.  Describe  the  construction  of  the  induction  watthour  meter.  What 
should  be  the  phase  relation  existing  between  the  potential-coil  fiux  and  the 
circuit  voltage?     How  is  this  phase  relation  obtained? 

1$.  How  is  friction  compensation  effected?  Discuss  this  principle  very 
carefully. 

17.  Show  by  simple  sketches  how  the  driving  torque  is  developed.  Why 
does  the  disc  tend  to  rotate  in  the  direction  of  the  shding  field? 

18.  How  is  the  induction  watthour  meter  calibrated  ?  What  adjustments, 
not  used  for  the  directr-current  type,  are  necessary?  What  are  the  ad- 
vantages of  this  type  of  meter  over  the  direct-current  type? 

19.  Describe  one  common  type  of  frequency  meter.  Upon  what  principle 
does  it  operate?     Why  are  the  vibrating  reeds  kept  polarized? 

20.  Describe  the  Tuma  phase  meter.  How  ia  this  instrument  adapted 
for  power-factor  measurements?  What  control  is  exerted  on  the  moving 
system?  Wliy  are  the  coils  of  the  moving  system  not  exactly  90°  apart? 
What  modifications  of  the  instrument  are  necessary  in  order  that  it  may  be 
used  on  three-phase  circuits? 

21.  For  what  purposes  are  ssmchroscopes  used?  Describe  the  construc- 
tion of  some  one  type.     In  what  way  is  it  related  to  the  phase  meter? 

23.  What  are  the  commercial  uses  of  the  oscillograph.  What  ia  its  prin- 
ciple of  operation?  In  what  way  does  the  moving  clement  differ  from  that 
of  the  ordinary  galvanometer?  How  are  the  time  abscissas  obtained? 
Why  is  it  desirable  to  immerse  the  moving  element  in  oil? 

23.  Sketch  the  general  arrangements  of  the  laboratory  type  giving  the 
relative  positions  of  the  lamp,  prisms,  vibrators,  lenses,  rotating  mirrors, 
film  drum,  etc. 

34.  Make  a  diagram  of  connections  showing  how  the  voltage  vibrator 
and  the  current  vibrator  are  connected  in  circuit. 
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Give  three  reasons  why  three-phase  power  supply  is  superior  to  single- 
phaee  supply. 

3.  Why  is  it  desirable  at  times  to  use  symbolic  notation  in  the  solution  of 
problems?     Why    is    this    system    particularly    applicable    to    polyphase 

State  briefly  the  principles  upon  which  one  such  system  is  based. 
S.  Describe  an  elementary  three-phase  generator.     What  relations  exist 
among  the  three  voltages  of  such  a  generator?     How  may  three  independent 
single-phase  systems  be  obtained  from  such  a  generator? 
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4.  What  is  meant  by  Y-connaction?  How  many  wir 
What  is  the  numerical  relation  and  the  phase  relation  of  the  line  yolta^t^ 
the  coil  voltage  in  this  system?  The  line  current  to  the  coil  current?  WW 
relation  exiata  among  the  three-coil  currents  if  there  is  no  neutral  wire? 

6.  At  unity  power-factor  what  la  the  total  power  generated  ii 
nected  generator  in  terms  of  coil  volts  and  coil  current?     It  the  powei^tacto 
is  other  than  unity?     What  is  the  Une  power  in  terms  of  line  current,  II 
volfj^e  and  power-factor? 

6.  Why  is  the  line  power-factor  the  cosine  of  the  coil  power-factor  onf^ 
What  significance  has  power-factor  in  an  unbalanced  system 

7.  Why  is  the  delta-connection  not  a  ahorlMiircuit  for  the  three  ooi 
voltages?  What  is  the  numerical  relation  and  the  phase  relation  whii 
exists  between  the  coU  current  and  the  line  current? 

6.  What  ia  the  total  power  produced  by  a  delta- connect! on  equal  to 
terms  of  coil  voltage,  coil  current  and  coil  power-factor?  In  terms  of  H] 
voltage,  hne  current  and  coil  power-factor? 

ft.  Sketch  the  connection  of  the  three-wattmeter  method  of  measuiia 
power,  (a)  When  the  neutral  of  the  system  is  accessible.  (6}  When  tlM 
neutral  is  not  accessible.  To  what  ia  the  total  fiower  equal  in  terms  of  tin 
wattmeter  readings? 

10.  Illustrate  the  principle  of  the  Y-box  and  state  the  conditions  iindi 
which  it  can  be  used. 

11.  Sketch  the  connections  of  the  two-wattmeter  method  of  mesHuriA 
power.     Under    what    conditions    do    the    wattmeters    read    the    bob 
Different? 

12.  Under   what   conditions   does   one    wattmeter   reverse?     Give   1 
methods  of  obtaining  power-factor  from  the  two- wattmeter  readings  aloAl 
Under    what   conditions   can  the  two-wattmeter  method   not  be  used  1 
measure  power  in  a  three-phase  system? 

13.  What  phase  relations  exist  between  the  voltages  of  a  two-pha 
system?  Show  the  connections  of  four  different  types  of  two-phase  systei 
What  relations  exist  among  all  voltages  in  each  of  those  systems? 

14.  Sketch  two  methods  of  connecting  the  coils  of  a  two-phase  generatii 
What  relation  exists  between  the  coil  voltage  and  the  line  voltage  ii 
of  the  two  systems?     Between  coil  current  and  line  current? 

PROBLEMS   OH   CHAPTER   IV 

49.  A  certain  three-phase  Y-connected  alternator  is  rated  at  600  kvn 
2,300  volts,  at  unity  power-factor.  What  is  its  current  rating  per  t«rmini 
What  is  the  rated  coil  current  and  coil  voltage? 

50.  What  is  the  current  and  voltage  rating  of  the  machine  in  probl 

49  if  it  is  changed  over  to  a  detta-connection? 
CI.  A  Y-connected  alternator  delivers  a  balanced  three-phase  load 

50  amp.  at  230  volts  and  0.8  power-factor  to  a  delta-connected  motor.  Fi 
the  current  and  voltage  per  coil  in  both  the  generator  and  the  motor..  Wl 
power  is  involved? 
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63.  Three  reaiatauces  of  70  ohma  each  are  connected  in  Y  acroas  a  3-phase 
230-voH  supply.  How  much  current  does  eiich  take  and  what  ie  the  total 
power  taken  by  the  three? 

63.  If  the  three  reaistances  ot  problem  52  are  connected  in  delta,  how 
much  current  does  each  take  and  what  is  the  line  current?  Determine  the 
total  power  and  compare  it  with  that  obtained  in  problem  52. 

64.  Three  condenaers  each  have  a  capacitance  of  40  mf.  Compare  the 
kv-a.  that  they  take  when  connected  in  Y  and  then  in  delta  acroas  the  230- 
rolt,  three-phase,  60-cyc!e  mains. 

66.  A  certain  three-phase  induction  motor  takes  30  kw.  at  560  rolt&. 
The  line  current  is  40  ainp.     What  ia  the  power-factor  of  this  motor? 
What  IB  the  angle  between  the  coil  current  and  the  coil  voltage? 

66.  The  electromotive  forces  generated  in  two  alternator  coils  differ  120° 
in  phase.  When  the  end  of  one  coil  ia  connected  to  an  end  of  the  other,  the 
voltage  across  their  open  enda  is  190  volta.  If  the  voltage  of  each  coil  is 
190  volta,  what  will  be  the  voltage  across  their  open  enda  if  one  coil  is 
reversed? 
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67.  In  the  test  ot  a  230-volt,  3-phase  induction  motor  the  two-wattmeter 
method  of  measuring  power  is  employed.  One  wattmeter  reada  +  4,350 
watts  and  the  other  reada  +  2,200  watts,  (a)  What  ia  the  motor  power- 
factor  at  this  loud?  (6)  What  ie  the  line  current?  (c)  What  is  the  coil 
phase  angle? 

68.  At  light  load  on  the  motor  of  problem  57,  the  first  wattmeter  reads 
1,820  watts  and  the  second  —450  watts,  (a)  What  is  the  motor  power- 
factor  and  the  line  current  at  this  load?     (b)  What  is  the  coil  phase-angle? 

69.  Each  of  the  two  coils  of  an  alternator  generates  2,300  volts  and 
these  voltages  differ  in  phase  by  90°.  If  theac  two  coils  are  connected  to- 
gether at  their  center  points  and  this  connection  brought  out  with  the  othera, 
indicate  all  the  voltages  that  can  be  obtained. 

60.  (a)  [f  the  two  coila  of  problem  59  are  connected  together  at  one  end, 
what  is  the  voltage  across  the  open  onds7  (b)  If  the  current  per  coil  ia 
70  am  p.,  what  will  be  the  current  in  each  of  the  three  wires  leading  from  the 
machine?  (c)  How  much  power  does  the  generator  deliver,  assuming  unity 
power-factor? 
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H  61.  A  two-phase  generator  rated  at  1,500  kv-s..,  2,300  volts,  60  cycl 

^H  has   two   noils.     What   is   the  currect  rating  per   coil?     If   this   machiw 

^V  supplies  a  five-wire  system  show  how  the  wattmeters  would  be  coniiecta 

^M  ID  order  to  measure  its  output. 

^M  62.  Each  of  the  noils  of  the  alternator  of  problem  61  consists  of  two  » 

^H  rat«  Bections  caaaected  in  series.     The  machine  may  be  then  cotmecto 

^B  in   mesh.     Determine   its   voltage   and   current  per  terminal  under  thes 

^M  conditio 

^M  63.  A  two-phase  four-wire  system  has  a  potential  difference  of  115  voll 

^f  between   adjacent   wires   giving   163   volts,    across   diametrically   oppnsii 

wires.     Four  resistances  of  10  ohms  each  are  connected  between  adjacMi 

wires,  as  shown  in  Fig.  63(A).     Determine  the  total  power  and  theci 

flawing  in  each  line. 

64.  How  much  current  and  how  much  power  is  supplied  by  the  two  alta 

nator  coils  to  the  load  in  problem  63? 

QUESTIONS  OH  CHAPTER  V 

1.  Why  can  a  rotating  field  and  a  stationary  armature  be  used  for  aJtO 
nators  where  they  cannot  be  conveniently  used  for  direct-current  tnaohinei 
Give  two  reasons  why  it  is  advantageous  for  altematora  to  be  of  the  n 
tating-field  type. 

2.  What  two  conditions  must  a  coil  of  an  alternator  armature  windii 
fulfill?  Compare  the  wave  and  the  lap  winding  of  alternators  with  tha 
same  types  of  winding  in  direct-current  machines. 

3.  Illustrate  by  a  simple  sketch  the  difference  between  a  half-coil  and 
whole-coil   winding.     What  is  the  difference  between  a  single-and  a 
layer  winding?     What  are  the  objections  to  using  one  slot  per  pole? 

4.  In  what  way  does  the  spiral  winding  differ  from  the  lap  and  wai 
windings  (barrel  type)  as  regards  mechanical  disposition  of  the  coil* 
Why  is  the  interior  coil  usually  omitted?  What  is  meant  by  "ainj 
range"? 

G.  Show  that  a  two-phase  winding  is  an  extended  application  of  the  singl 
phase  winding.  How  may  the  chain  winding  be  adapted  to  two-phu 
Why  is  the  two-range  feature  neoessarj'?  State  the  advantages  and  tl 
disadvantages  of  this  type  of  winding. 

5.  State  the  advantages  of  the  lap  winding.  In  the  full-pil«li  lap  windii 
what  relation  exists  between  the  coll  sides  in  any  one  slot? 

7.  Show  that  a  three-phase  winding  consists  of  three  single-phase  wlndinj 
properly  spaced. 

8  Under  what  conditions  are  coils  of  special  shape  required  in  thn 
phase,  two-range,  chain  windings? 

9.  State  the  advantages  and  disadvantages  of  fractional-pitch  winding 

10.  Compare  the  types  of  stampings  required  for  machines  of  large  ft 
machines  of  small  diameter  Why  are  there  perforations  back  of  the  sli 
in  the  stampings  used  for  the  larger  machines? 

11.  How  are  the  armature  laminations  held  in  position  in  eagine-dtifl 
generators?    Why  is  the  frame  usually  of  the  hollow-box  type? 
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12.  Why  is  it  necessary  to  brace  very  strongly  the  coil  ends  in  alternators 
rf  lai^e  capacity? 

13.  Sketch  the  shape  of  two  common  types  of  alternator  slot.  State  the 
advantages  and  disadvantages  of  each  type. 

U.  Show  that  with  large  units,  even  when  operating  at  very  high  efficiency, 
the  amount  of  energy  to  be  dissipated  per  minute  is  very  large.  What 
lethod  is  used  to  carry  the  resulting  heat  away  from  the  machine? 

16.  Into  how  many  classes  are  the  rotatinpi-field  structures  of  oltemaUirs 
divided?  Give  reaaons  why  different  designs  of  field  structure  are  neces- 
sary. What  is  the  general  construction  of  the  field  cores  in  all  types  of 
BsJienl-pole  alternators?     How  are  these  field  cores  held  in  position? 

IS,  Describe  the  field  spiders  for  (a)  very  slow-speed  machines  of  large 
oapacity;  (6)  moderately  high-speed  water-wheel  generators.  Why  is  it 
not  possible  to  use  salient  poles  in  high-speed  turbo-alt«rnators? 

17.  Describe  the  construction  of  (a)  the  parallel-slot  type  of  rotor; 
(t)  the  radial-alot  type  of  rotor.  Why  must  the  end-flanges  be  of  non- 
magnetic material?     Under  what  conditions  are  these  types  of  rotor  used? 

18.  Describe  the  method  of  conducting  the  field  current  into  the  field 
windini[.  What  different  methods  are  used  for  supplying  excitation? 
What  precautions  are  often  taken  to  insure  continuity  of  excitation? 

10,  Derive  from  a  fundamental  relation  the  equation  of  the  induced 
electromotive  force  in  an  alternator.  What  is  meant  by  "breadth  factor" 
and  "pitch  factor"? 

SO.  What  relation  exists  between  the  fiux  distribution  and  the  shape  of 
the  electromotive  force  wave  per  condueforT  How  may  the  shape  of  the 
actual  electromotive  force  wave  of  a  generator  be  mode  nearly  sinusoidal 
even  though  the  electromotive  force  wave  in  the  individual  conductors 
differs  considerably  from  a  sine  wave? 

21.  Sketch  the  flux  distribution  curve  for  a  distributed  field  winding. 
Explain  why  such  machines  usually  have  a  better  wave  shape  than  machines 
of  the  salient-pole  type. 

S2.  8tat«  the  procedure  in  phasing  out  the  coib  of  a  three-phase  alter- 
nator so  that  they  may  be  Y-connected. 

33.  Repeat  for  a  machine  which  is  to  be  delta-connected. 

24.  Upon  what  factors  does  the  rating  of  an  alternator  depend?  Why 
is  a  kilo  volt-ampere  rating  more  rational  than  a  kilowatt  rating?  tipon 
which  rating  does  the  rating  of  the  prime  mover  depend? 

PROBLEMS  ON  CHAPTER  V 
SB.  Draw  a  single-phase,    full-pitch,   four-pole  lap  winding  in  which 
there  are  four  slots  per  pole  and  the  winding  and  slots  occupy  only  60  per 
cent,  of  the  armature  periphery. 

66.  Repeat  problem  65  for  a  wave  winding. 

67.  Draw  a  single-phase,  single-range,  spiral  winding  for  an  armature 
having  eight  slots  per  pole,  the  winding  occupying  but  six  of  these  slots. 

68.  Draw  a  two-phase,  chain  winding  for  a  aix-pole  alternator  having  12 
slots  per  pole,  utilizing  all  the  slots. 
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69.  Repeat  problem  68  for  a  thrBe-phaao  winding.     Show  tho  wine 
of  the  three  phuaes  euch  in  a  different  color. 

70.  An  eight-pole  alternator  hue  80  slots.     Draw  a  two-phase,  fi-p 
lap  winding  for  this  machine. 

71.  A   four-pole   alternator  has   48  slots.     Design   a   three-phase, 
pitch,  lap  winding,  showing  the  connections  of  one  phase  only. 

73.  Repeat  problem  71  for  a  ^^-pitch  winding. 

73.  Repeat  problem  71  for  a  full-pitch,  wave  winding. 

71.  A  four-pole,  60-cycle,  single-phaae  alternator  has  a  concentratt 
windingsimilar  to  that  shown  in  Fig.  102,  page  102.  Thereare  eight  condol 
tors  per  slot  and  2,SOO,000  magnetic  hues  per  pole.  Assuming  that  the  Si 
distribution  under  the  pole  is  practically  sinusoidal,  determine  the  electa 
motive  force  of  this  generator. 

76.  A  six-pole,  25-cycle,  two-phaae  alternator  has  one  slot  per  pole  p 
phase  and  12  series-connected  conductors  per  slot.  Determine  the  induce 
volta  per  phase  it  there  are  3,000,000  lines  per  pole.  Assume  that  the  flt 
wave  is  practically  sinusoidal. 

76.  A  single-phase,  four-pole,  1,800  r.p.m.  alternator  has  eight  slots  p 
pole.  Only  half  of  these  slota  ate  occupied  by  the  winding  so  that  H 
breadth  factor,  0.907,  is  the  same  as  that  of  a  two-phase  winding  havil 
four  slots  per  pole  per  phase,  Tliere  are  four  series-oon netted  conduct 
in  each  slot  and  the  winding  is  full  pitch.  There  are  3,000,000  lines  p 
pole  and  the  Sux  may  be  assumed  to  be  distributed  ainusoidally. 
mine  the  electromotive  force  of  this  alternator. 

77.  A  three-phase,  12-pole,  600  r.p.m.  alternator  has  12  slots  per  p 
and  a  full-pitch  winding  having  six  aeries-connected  conductors  per  si 
There  are  3,500,000  Unes  per  pole.  What  is  the  open-circuit  terminal  el 
tromotive  force,  if  the  machine  is  Y-connected? 

78.  Repeat  problem  77  for  a  5^-pitch  winding. 

79.  An  alternator  is  rated  at  6,000  kw.  at  70  per  cent,  powec-factt 
(q)  What  is  its  kilovolt-ampere  rating,  (ft)  How  many  kilowatts  can 
safely  deliver  at  unity  power-factor?  (c)  If  it  has  an  efficiency  of  95  p 
cent,  at  70  per  cent,  power-factor,  what  should  be  the  rating  of  its  priB 
mover  in  horsepower?  (d)  If  the  prime  mover  speed  is  1,200  r.p.m.  wh 
torque  does  it  develop? 

80.  A  three-phase,  60-cycle,  13,200-volt  aJtemafor  is  rated  at  20,0 
kw.  at  70  per  cent,  power-factor,  (a)  What  is  the  current  per  termin 
(ft)  What  would  be  the  safe  current  per  terminal  if  the  power-factor  w 
unity?  (c)  What  would  be  its  kilowatt  rating  at  unity  power-factor? 
At  70  per  cent,  power-factor,  what  should  be  the  approximate  rating  of! 
prime  mover  in  horsepower? 

QUESTIONS  ON  CHAPTER  VI 

i.  Why  ie  the  question  of  the  regulation  of  alternators  more  important 
than  the  regulation  of  direetMiurreut  fienerators?  What  factor  other  than 
the  magnitude  of  the  current  determines  the  regulation  of  altematora? 
Why  is  it  usually  not  desirable  to  determine  the  regulation  of  altemat 
by  actual  loading? 
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X.  Shaw  by  a.  simple  sketch  that  the  inductors  of  an  alternator  armature 
have  inductance.  Compare  the  relative  inductances,  other  conditions 
being  equal,  of  (a)  a  smooth-core  armature;  (b)  an  iron-clad  armature  in 
which  the  slots  ore  deep  and  narrow;  (c)  an  iron-clad  armature  of  the  sanio 
number  of  slots  but  in  which  the  slots  are  shallow  and  broad;  (d)  an  iron- 
olad  armature  having  semi-elosed  slots. 

3.  What  is  the  effect  of  the  number  of  conductors  per  slot  upon  the  arma- 
ture inductance?  How  does  the  reactance  of  a  25-cycle  armature  compare 
with  that  of  a  60-cycIe  armature,  other  conditions  being  equal? 

4.  Give  two  reasons  why  the  resistance  of  an  alternator  armature  to 
alternating  current  is  greater  than  ita  resistance  to  direct  current.  What 
is  the  order  of  magnitude  of  this  increased  resistance?  How  may  this 
effective  resistance  be  determined? 

6.  What  is  the  effect  of  the  current  in  an  alternator  coil  upon  the  main 
field,  (a)  When  the  current  is  in  phase  with  the  induced  electromotive 
force?  (fi)  When  the  armature  current  lags  the  induced  electromotive 
force  by  90°?  (c)  When  the  current  leads  the  induced  electromotive  force 
by  90"?  (d)  When  the  current  lags  and  leads  the  induced  electromotive 
force  by  an  angle  fl? 

6.  Compare  the  effects  of  (5)  with  corresponding  effects  in  direct-current 
machines.  Under  what  conditions  doea  the  armature  magnetomotive  force 
for  a  given  armature  current  have  its  greatest  effect  upon  the  main  field  of 
aahent-pole  alternators? 

7.  Show  by  a  vector  diagram  how  the  induced  electromotive  force  in  an 
alternator  armature  may  be  calculated  knowing  the  terminal  voltage,  the 
armature  resistance  drop  and  the  armature  reactance  drop,  (a)  When  the 
power-factor  of  the  load  is  unity.  (6)  When  the  current  lags  the  terminal 
voltage  by  an  angle  9.  (c)  When  the  current  leads  the  terminal  voltage  by 
an  angle  d.     Give  the  trigonometric  solution  of  the  diagram  in  every  case. 

8.  Why  ia  the  induced  electromotive  force  in  an  alternator  armature,  when 
loaded,  not  equal  to  the  no-load  voltage?  Why  ara  open-circuit  and 
short-circuit  tests  used  in  obtaining  data  for  calculating  alternator  regu- 
lation rather  than  actually  loading  the  machine? 

9.  How  is  the  armature  reaction  taken  into  consideration  in  the  sjTichro- 
nous  impedance  method  of  determining  regulation? 

10.  Show  that  when  a  coil  has  moved  90  electrical  space-degrees  from 
the  point  where  the  flux  linking  it  is  a  maximum  the  induced  electromotive 
force  becomes,  a  maximum.  Distinguish  between  a  space  diagram,  and  a 
time  diagram.     When  can  the  two  be  combined? 

11.  Why  is  it  rational  to  combine  the  space  magnetomotive  force  diagram 
of  an  alternator  with  the  time-voltage  and  time-current  diagrams  of  the  same 
machine?  What  ia  the  phase  relation  existing  between;  (a)  thearmature 
current  and  the  armature  raaEnetomotive  force;  (6)  the  resultant  field  and 
the  induced  electromotive  force;  (c)  the  impressed  field  and  the  no-load 
electromotive  force? 

12.  Show  that  a  fictitious  voltage  of  the  proper  value  leading  the  current 
by  00°,  and  therefore  in  phase  with  the  voltage  which  balances  the  armature 
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reactance  drop,  can  be  subatitutcd  for  the  effect  of  armature  reaction,  and 
the  no-load  electromotive  force  therefore  be  determined.  What  annatme 
constant  may  be  increased  to  include  thia  fictitious  voltage,  and  what  u- 
sumption  is  made  in  doing  this?  \ 

13.  What  ismeant  by  aj-nchroDOUsteactance?  Synchronous  impedanoaflfl 
Describe  carefully'  the  method  usually  employed  to  determine  thMffl 
quantities. 

14.  What  error  occurs  in  the  value  of  the  aynchronoua  reactance  whea  it  is 
determined  under  ahort-circtiit  conditions?  How  does  this  affect  (he 
regulation  determined  by  using  this  value  of  synchronous  reactance? 

15.  Why  does  the  synchronous  impedance  method  of  determining 
regulation  give  unsatisfactory  results  with  single-phase  machines?  Why 
are  results  obtained  with  polyphase  machines  more  in  accord  with  the 
actual  performance  of  the  machine? 

16.  Describe  the  open-circtiit  teet,  giving  the  connections  used.  Repeafe  « 
for  the  short-circuit  test,  pving  two  methods  of  connecting  the  ammeteisifl 
Compare  the  ammeter  reading  in  each  case  with  the  hue  current  and  tha^ 
eoil  current  of  a  delta-cormected  machine.  ' 

17.  How  is  the  regulation  of  a  Y-connected  machine  calculated?  Of 
a  deltar-connecled  machine?  How  do  the  respective  coil  resistances  aod 
reactances  compare  in  the  two  cases  for  the  same  machine?  What  care 
should  betaken  when  either  method  is  used? 

IB.  In  what  fundamental  way  doeu  the  magnetomotive-force  method 
differ  from  the  synchronous  impedance  method?  Show  by  a  vector  diagraiu 
the  various  voltages  and  the  magnetomotive  forces  which  are  substituted 
for  voltages  in  this  method-  How  is  the  resultant  field  obt&iued?  The 
no-load  electromotive  force? 

19.  How  do  results  obtained  by  the  synchronous  Impedance  melhorf' 
compare  with  those  obtained  by  the  magnetomotive  force  method?  Why 
do  the  two  methods  give  different  results?     Which  should  be  used? 

20.  Fundamentally,  how  does  the  A.  I.  E.  E.  method  of  determining 
regulation  differ  from  the  synchronous  impedance  and  the  magnetomotivt 
force  methods?     What  difficulty  is  encountered  in  this  method  which 
not  encountered  in  the  other  two  methods?     How  do  the  resulta  whicbj 
gives  compare  with  the  actual  performance  of  the  machine 

31.  Compare  the  construction  of  the  Tirrill  regulator  as  applied 
alternators  with  the  regulator  as  used  on  direct-current  machines. 
Vol.   I,  page  307,  Fig.  280.)     What  is  the  function  of  the  "mwn  eontacU' 
and  how  are  they  operated?     What  is  the  function  of  the  relay 
and  how  are  they  operated?     Explain  the  operation  of  the  entire  regiilatm 
from  the  time  that  the  exciter  voltage  commences  building  up  until  the 
machine  has  reached  rated  volta,ge,  and  load  then  applied. 

32.  Explain  why  the  prime  mover  characteristics  alone  determine  the 
kilowatt  division  of  load  between  alternators.  Why  is  this  trueof  altemat(tt 
and  not  true  of  direct-current  generators?  Why  is  it  imdesirable  that  tW 
prime  movers  have  flat  speed-load  chamct eristics?  j 

23.  What  effect  has  a  temporary  change  of  speed  of  one  prime  movia 
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•n  the  phase  relation  fit  the  eicctroiuotive  force  induced  in  the  two  machines 
Tihich  they  drive?  What  effect  does  the  resultant  voltage  produce?  Why 
is  the  reeultant  current  called  the  synchronizing  current?  Show  that  the 
action  of  this  current  is  such  as  moke  the  parallel  operation  of  alternators 
a  condition  of  stuble  equilibrium. 

24.  If  the  field  of  one  of  two  alternators  operating  in  parallel  is  strength- 
ened, in  what  two  ways  is  its  internal  electromotive  force  affected?  Its 
current?  Why?  How  is  the  electromotive  force  and  the  current  of  the 
other  machine  affected  at  this  same  time?  Show  that  the  reactions  result- 
ing from  chiuiging  these  field  excitations  cajinot  change  the  Icilowatt  division 
of  load  between  the  machines.  What  ia  the  objection  to  having  two 
alternators  in  parallel,  one  operating  with  a  leading  current  and  the  other 
with  a  lagging  current? 

SB.  Sketch  the  connections  of  a  simple  method  which  may  bo  used  to 
show  the  proper  time  for  switching  alternators  in  parallel.  How  should 
the  voltage  rating  of  the  synchroniiiing  lamps  compare  with  that  of  the 
system?  How  do  such  lamps  indicate  the  relative  phase  relation  of  the 
incoming  machine  and  the  bus-bars?  When  should  the  line  switch  be 
closed? 

26.  State  two  disadvantages  of  the  "three-dark"  method  of  synchroniz- 
ing. How  may  these  disadvantages  be  in  part  eliminated  by  a  different 
grouping  of  the  lamps?  Why  ia  the  use  of  a  synchronism  indicator  superior 
to  the  foregoing  methods,  especially  with  certain  types  of  alternators? 

27.  What  types  of  prime  mover  have  pulsating  torques?  How  may  the 
effect  of  these  torque  pulsations  be  magnified  several  times  by  direct-con- 
nected alternators?  Why  is  it  undesirable  that  pulsations  of  frequency  be 
communicated  to  the  system?  State  the  general  remedies  which  may  be 
used  to  reduce  "hunting"  and  the  reason  for  the  use  of  each  of  these. 

PROBLEMS  ON  CHAPTER  VI 

81,  A  .5.'iO-volt,  50-kv-a.   alternator  has  an  effective  nrmat.ure  resistance 

of  0.18  ohm  and  an  armature  Teactanix  of  0.75  ohm.     What  is  the  induced 

electromotive  force  of  this  armature  when  the  machine  delivers  its  rated 

current  at  rated  voltage  and  at  unity  power-factor? 

83.  Repeat  problem  81  for  0.8  power-factor,  lagging  current;  leading 
current. 

S3.  The  core  loi^i,  friction  and  windage  of  the  alternator  of  problem  81 
is  1,700  watts.  The  field  takes  i.5  amp.  at  115  volts'.  What  is  the  efficiency 
of  this  alternator  at  its  rated  load? 

84.  The  synchronous  reactance  of  the  alternator  of  problem  81  is  equal 
to  the  armature  leakage  reactance.  If  it  is  carrying  full  non-inductive 
load  at  rated  voltage  and  at  unity  power-factor,  find  the  no-load  voltage 
of  the  machine  when  this  load  ia  thrown  off. 

65.  Find  the  no-load  voltages  in  problem  82,  when  these  loads  are  thrown 
off  the  alternator. 

66.  What  is  the  regulation  of  the  machine  under  each  of  the  conditioaa 
given  in  problems  84  and  85? 
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87.  A  25-cyclB,  25-kv-a.,  SSO-voIt,  single-phaae  alternator  has  an  effective- 
armature  resistance  of  0.20  ohm  and  a  synchronous  impedance  of  1.8  ohins. 
What  ia  its  synchronous  reactance  and  what  is  the  regulation  of  ttia  eller- 
nator  at  unity  power-factor  and  at  0.7  power-factor,  lagging  current? 

88.  A  2,000-l(v-a.,  3-phase,  2,300-volt,  60-cyde  alternator  has  an  effective 
armature  resistance  of  0.0364  ohm  per  phase  and  a,  synchronous  reactance 
of  0.62  ohm  per  phase.  The  machine  is  Y-connected.  Determine  its 
regulation  at  unity  power-factor  and  at  0.8  power-factor,  lagging  current. 

89.  Following  are  the  constants  of  a  50-kv-a,,  220-volt,  three-phase  alw^ 

Average  ohmic  reaiatonce  between  terminals,  0,0233  ohm. 
Field  current  adjusted  to  6.2  amp.,  open  circuit  terminal  voltfi 

Field  current  adjusted  to  6.2  amp.,  generator  short-circuited,  three  line, 
currents  each  equal  to  164  amp. 

Ratio  of  effective  to  ohmic 

Calculate  the  regulation  of  the  machine   when  the  power-factor 
lagging  and  O.S  leading  current.     Assume  that  the  machine  is  Y-conneoUcL 

90.  Repeat  problem  89,  assuming  that  the  machine  ia  delta^onnected. 

91.  Below  are  given  open-circuit  and  short-circuit  data  of  a  200-fcv-a- 
600-volt,  60-cyole,  three-phase  alternator.  The  machine  ia  Y-conneoted 
and  has  an  ohmic  resistance  of  0.012  ohm  per  coil.  The  ratio  of  efTectin 
to  ohmic  resistanceis  1.5.  Find  the  regulation  of  theniachine  by  theBynchm- 
nous  impedance  method  at  0.7  power-factor  for  both  leading  and  lagpng 
current. 
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92.  Determine  the  regulation  of  the  ^temator  of  problem  91  by  ll 
magnetomotive  force  method,  at  unity  and  0.7  power-factor  for  both  lea 
and  lagginp  current. 

93.  A  1,000  kv-a.,  three-phase,  2,200-volt,  60-cycle  alternator  ia  U 
tor  ila  regulation  by  the  A.  I.  E.  E,  methoii.  A  load  of  prartinally  s 
power-factor  lagging  current  is  applied,  this  load  being  adjusted  until  II 
rated  current  of  the  machine  is  flowing.  The  field  current  is  then  adjiistrf'" 
until  the  machine  terminal  voltage  ts  2,200  volts.  Under  these  conditioM 
the  field  current  is  250  amp.  When  the  Geld  current  ia  250  amp.  on  optn 
circuit  the  terminal  voltage  ia  2,700  volts.  The  machine  is  dclta-connect«il 
and  has  an  effective  resistance  of  0.3  ohm  i>cr  coil.     Find  the  synchronoui'l 
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reactance  of  this  machine  and  ita  r^^lation  at  unity  and  at  0.8  powcr- 
faetor,  lagging  turrent. 

94.  Two  similar  1,000  kw.  alteruatora  operate  in  parallel.  The  speed- 
load  uhoracteristic  of  the  first  alternator  ia  such  that  its  frequency  drojia  from 
63  to  60  cycles  from  no  load  to  full  kilowatt  load.  The  frequency  of  the 
second  alternator  drops  from  64  to  58  cycles  under  the  same  conditions. 
"When  the  combined  load  on  the  two  alternators  is  1,600  kw.  how  much  load 
does  each  alternator  supply? 

06.  The  tension  in  the  governor  spring  of  the  second  alternator  of  problem 
94  ia  BO  adjusted  that  both  alternators  have  the  some  frequency  when  the 
load  on  each  is  1,000  kw.  This  change  in  the  speed-load  characteristic  of 
the  second  machine  raises  its  speed-load  characteristic  two  cycles  at  every 
point.  How  much  power  does  each  alternator  deliver  when  there  is  no 
load  on  the  system  ? 

96.  Two  alternators  are  operating  in  parallel  supplying  single-phase 
power  at  2,300  volts  to  a  load  of  400  kw.  whose  power-factor  is  unity. 
No.  1  alternator  supplies  109  amp.  at  0.8  power-factor,  lagging  current. 
What  power  and  what  current  does  alternator  No.  2  supply? 

97.  Two  three-phase  alternators  are  operating  in  parallel  to  supply  a 
2,000  kw,  load  at  6,600  volts,  this  load  having  unity  power-factor.  The 
current  delivered  by  alternator  No.  1  is  83  amp.  at  0.85  power-factor, 
leading  current.  What  power  and  what  current  is  alternator  No.  2  de- 
livering?    What  is  its  power-factor? 

QUESTIOMSON  CHAPTER  VU 

1.  Define  a  transformer.  What  distinct  advantages  do  transformers 
possess  over  most  other  types  of  electrical  machinery? 

2.  By  what  means  is  energy  transferred  from  one  circuit  to  the  other? 
Which  winding  is  called  the  primary?     The  secondary? 

3.  Show  that  the  induced  electromotive  force  of  a  transformer  winding 
is  proportional  to  the  number  of  turns.  To  what  three  factors  is  the  induced 
electromotive  force  in  any  transformer  winding  proportional? 

4.  What  current  flows  into  a  transformer  primary  when  the  secondary  is 
open?  What  is  ita  order  of  magnitude?  What  ia  the  relation  of  the 
direction  of  primary  current  to  the  direction  of  flux  in  the  core?  Of  the 
secondary  current?    Explain. 

6.  Explain  the  sequence  of  reactions  which  cause  the  primary  to  take  more 
power  from  the  line  when  load  is  applied  to  the  secofadary. 

5.  Why  is  the  mutual  flux  in  a  transformer  nearly  constEint  from  no-load 
to  rated  load?  What  is  the  magnitude  of  the  variation  of  the  magnetising 
current  under  these  conditions? 

7.  What  relation  exists  between  primary  ampere-turns  and  secondary 
ampere-turns?  What  relation  exists  between  primary  current  and  second- 
ary current? 

8.  Distinguish  between  primary  leakage  flux,  secondary  leakage  flux 
and  mutual  flux.  Which  of  the  foregoing  depend  upon  the  voltage  and 
which  depend  upon  the  current? 
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9.  What  effect  have  the  two  leakage  fluxes  upon  the  operatioa  of  Q 

transformer? 

10.  In  the  complete  vector  diagram  of  the  transformer,  why  t 

primary  and  the  aecondary  induced  voltagea  shown  equal  in  magnitude  ai 
in  phase  with  each  other?     Why  is  a  voltage  equal  and  opposite  t 
primary   induced   voltage  necessary  in  order  to  find   the   voltage  at  t 
t«T7ninala  of  the  primary? 

11.  Show  that  the  total  primary  current  is  not  equal  and  opposite  to 
the  secondary  current  even  when  both  windings  have  the  same  number  of 
turns.  Resolve  the  primary  current  into  two  components  explaining  why 
one  of  these  components  varies  with  the  load  on  the  transfomjer  secondary. 

13.  What  is  meant  by  transformer  regulation  and  what  assuniptJons  are 
usually  made  in  obtaining  it. 

IS.  Explain  what  approximation  is  made  in  obtaining  the  simplified 
transformer  diagram.     What  advantages  result  in  sonmlcing  the  diagram? 

U.  What  is  the  relation  ordinarily  existing  between  the  primary  and 
secondary  resistances  in  a  transformer?  What  is  meant  by  "equivalsnt 
resistance  referred  to  the  primary"  and  how  is  this  quantity  used? 

15.  Discuss  the  relation  usually  existing  between  the  primary  and  t 
seoondary  reactance,  giving  reasons  for  the  existance  of  this  relation 
What  is  meant  by  "equivalent  reactance  referred  to  the  primary." 
is  this  quantity  used  in  determining  the  transformer  characteristics? 

18.  What  relation  exists  between  the  equivalent  reactance  referred  6 
the  primary  and  that  referred  U>  the  secondary? 

17.  Show  that  if  one  side  of  a  transformer  is  open  and  the  other  aide  i| 
connected  to  the  line,  practically  the  entire  input  goes  to  supply  the  a 
loss.     How  does  this  core  loss  vary  with  the  voltage?     Why? 

18.  Why  do  both  the  magnetizing  current  and  the  core  Ic 
very  rapidly  after  the  rated  voltage  of  the  transformer  has  been  reached? 
Why  is  it  practically  impossible  to  operate  transformers  at  voltages  very 
much  in  excess  of  those  for  which  they  are  rated?  How  is  the  tnie  magne- 
tizing current  found? 

16.  When  one  side  of  a  transformer  is  short-circuited  and  the  other  aide 
is  connected  to  an  alternating  supply,  show  that  the  input  goes  almost 
entirely  to  supplying  the  copper  losses  of  the  primary  and  secondary  coils. 
How  is  the  equivalent  impedance  and  the  equivalent  reactance  referred  U 
either  side  determined  from  the  short-circuit  test? 

20.  What  losses  exist  in  a  transformer  operating  under  load?    How  ir 
these  losses  be   computed   for  different   loads?     Indicate  the  method  i 
calculating  the  efficiency  over  the  working  range  of  the  transformer? 
are  the  advantages  of  this  method  over  direct  measurements  of  a 
and  input? 

21.  In  what  way  does  the  core  type  of  transformer  differ  in  constnietiwi 
from  the  shell  type?  Compare  the  dimensions  of  the  electrical  and  nLSg- 
netic  circuits  in  the  two  cases.  Which  type  is  better  adapted  for  high 
voltage  and  why?  How  is  the  leakage  fiux  reduced  to  a  minimiun  in  the 
two  cases? 
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22.  What  advantage  is  claimed  for  the  Type-H  transformer  of  the  General 
Eleutric  Co?  What  proviaionB  are  made  for  keeping  this  type  of  transformer 
cool? 

23.  Describe  one  method  of  keeping  transformers  cool.  Outaide  of  its 
cooling  properties,  what  other  advantage  is  obtained  by  using  oil? 

24.  Describe  two  otlier  methods  used  to  dissipate  the  heat  from  self- 
cooled  transformers  when  the  surface  of  the  ease  itself  becomes  inadequate? 

25.  What  are  the  advantages  and  disadvantages  of  air-cooled  trans- 
formers?    How  is  the  circulation  of  air  maintained? 

26.  Describe  the  method  ordinarily  used  for  artificially  cooling  oil-filled 
transformers.     What  eare  chould  be  taken  when  this  method  is  used? 

27.  Explain  the  principle  upon  which  three-phase  transformers  operate. 
What  are  the  advantages  and  the  disadvantages  of  this  type  of  trana- 
former?  From  the  operating  standpoint,  in  what  ways  do  the  shell  type 
and  the  core  type  of  three-phase  transformer  differ? 

28.  In  what  way  does  the  auto-transfomier  differ  from  a  resistance 
drop  wire?     From  an  ordinary  tranafonner? 

29.  Under  what  conditions  is  it  advantageous  to  use  an  auto-trans- 
former? Under  what  conditions  should  an  auto-transtomier  not  be  used? 
How  may  an  ordinary  trnagfonner  be  connected  to  operalfl  as  an  auto- 
transformer? 

SO.  Indicate  the  different  connections  that  can  be  used  for  three-phase 
transformer  banks.  State  the  conditions  for  which  each  connection  is  best 
adapted. 

81.  What  is  meant  by  a  "floating  noutra!"  and  by  what  connection  is 
it  produced?     How  may  it  be  eliminated? 

33.  Under  what  conditions  cannot  three-phase  transformer  banks  bv  oper- 
ated in  parallel,  even  although  the  ratios  between  line  voltages  are  alike 
for  the  several  banks? 

33.  Give  the  reasons  why,  at  no  load,  the  three  three-phase  voltages 
existing  across  delta-delta-connected  transformer  secondaries  are  not 
in  any  way  distiirbed  by  the  removal  of  one  of  the  transformers,  if  the 
voltages  are  balanced? 

34.  What  is  the  ratio  of  the  kv-a.  capacity  of  the  delta-connected  bank 
to  the  V-connected    bank?    Under  what  conditions  is  the  V-connection 

36.  Make  a  diagram  of  the  T-connection  when  used  for  transforming 
three-phase  to  three-phase.  How  does  the  total  three-phase  kv-a.  capacity 
of  the  T-bank  compare  with  the  sum  of  the  kv-a.  capacities  of  the  individual 
transformers? 

36.  Show  how  the  T-conaection  may  be  used  for  obtaining  a  two-phase, 
three-wire  system.  What  connection  is  necessary  if  the  three-wire  system 
is  to  have  equal  voltages  on  both  legs? 

37.  How  may  a  two-phase  (or  four-phase)  four-  or  five-wire  system  be 
obtained  from  the  T-connection.     Where  is  the  neutral  of  the  "T"? 

38.  How  does  the  construction  of  a  constant-current  transformer  differ 
from  that  of  a  constant-potential  transformer?    Assuming  a  change  of  load, 
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anaiyie  the  reactions  which,  cause  the  transformer  to  maintain  the  current 
constant.  Why  is  the  power-factor  of  this  type  of  transformer  usually 
low? 

39.  Sketch  the  connections  of  a  constanlr^urrent  transformer  as  used, 
with  a  mercury-arc  tube  to  obtain  uni-directional  current  tor  magnetite 
arcs.     Why  fe  reactance  necessary? 

40.  For  what  reasons  is  it  necessary  to  use  instrument  transformers  for 
measuring  power  on  high-voltage,  alternating-current  circuita? 

41.  Descriiw  potential  transformers.  What  is  the  usual  voltage  rating 
of  their  secondaries?  Why  should  the  secondaries  always  be  well-grounded 
at  one  point? 

42.  Describe  the  construction  of  a  current  transformer.     What  prevents 
it  from  giving  a  ratio  of  transformation  that  is  ei^ctly  proportional  to  the 
ratio  of  secondary  to  primary  turns?     Why  should  the  secondarj'  alwayfti 
be  kept  closed?     In  what  ways  does  a  current  transformer  differ  from 
constant-pot-pntial  transformer? 

PROBLEMS  ON  CHAPTER  Vn 

88.  A  transformer,  rated  at  2,200/220  volts,  has  2,400  turns  on  the  pri- 
mary or  high-side  winding.  How  many  secondary  turns  are  there  if  the 
secondary  no-load  voltage  must  be  increased  4  per  cent,  to  allow  tor  the  4  per 
cent,  voltage  drop  in  the  transformer  when  under  load? 

99.  A  2,000/110-volt  transformer  has  80  turns  in  the  low-side  winding  1 
How  many  turns  are  there  in  the  high-side  winding  it  compensation  is  mad^ 
for  a  4  per  cent,  voltage  drop  in  the  transformer  when  load  is  applied  to  the 
low  side? 

100.  What  voltage  is  induced  in  a  transformer  winding  of  1,200  turns  if 
the  frequency  is  60  cycles  per  second  and  the  maximum  value  of  the  flui 
b  1,880,000  lines?     (Assume  sine  wave.) 

101.  A  certain  60-cycIe  transformer  is  to  have  a  primary  winding  of  4,000 
turns  and  a  secondary  winding  of  2O0  turns.  What  must  be  the  cross- 
section  of  the  core  if  the  maximum  flux  density  in  the  iron  is  00,000  lines 
per  square  inch?  What  is  the  voltage  rating  of  each  winding?  The  ratio 
of  net  iron  to  the  total  volume  of  the  core  is  0.0. 

102.  Repeat  problem  101  for  a  25-cyclc  transformer  operating  at  75,000 
lines  per  square  inch.  Which  transformer  has  the  more  iron  and  the 
niore  copper?  Why?  Explain  why  the  iron  in  a  25-cycle  Iranaformer  can 
be  operated  at  a  higher  flux  density  than  it  can  be  in  a  60-cycle  tranafonner. 

103.  A  2,200/5.'>0-volt  transformer  is  rated  at  20  kw.  at  unity  power- 
factor.     What  is  the  current  rating  of  each  winding?     What  is  the  c 
rating  of  each  winding  at  0.8  power-factor,  lagging  current? 

104.  A  certain  transformer  at  no  load  takes  12  amp.  at  220  volts  a 
the  power-factor  is  0.16.      What  is  the  energy  component  and  » 
magnetixing  component  of  this  no-load  exciting  current?    It 
applied  to  the  transformer  so  that  an  additional  30  amp.,  substantially  1| 
phase  with  the  line  voltage,  is  taken  from  the  line,  what  does  the  t 
primary  current  become?    What  is  the  power-factor  of  the  primary? 
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the  traoaformer  steps  up  the  voltage  one  to  ten,  what  is  the  approximate 
value  of  the  secondary  voltage? 

lOG.  A  50-kv-a,,  2,200/600-volt  transformer  hasthe  following  conatants: 
High-side  resistance,  0.7  ohm;  low-aide  resistance,  0.052  ohm;  equivalent 
reactance  referred  to  the  high  side,  1.7  ohms.  Determine  the  regulation 
of  the  transformer  at  unity  power-factor  and  at  0.7  power-factor,  lagging 
and  leading  current. 

106.  Determine  the  efficiency  of  the  transformer  of  problem  105  at  ^, 
Hi  ^>  rated,  and  ^-kv-a.  load  at  unity  power-factor.  Plot  a  curve  with 
current  aa  abscissas.     The  no-load  core  loss  is  500  watts. 

107.  Repeat  problem  106  for  0.8  power-factor,  lagging  current. 

108.  The  following  are  the  data  taken  from  open-  and  short-circuit  testa 
of  a  10-kv-a.,  2,080— 208- volt,  60-cycle  transformer: 

High  side  open,  instruments  on  low-voltage  side: 

E=  208  /  =  2.8  amp.  P  =  124  watts 

Low  side  shorlMiircuited,  instnimenta  on  high  side: 

£  -  110  /  =  6.3  P  =  370  watts 

Ohmic  Resistance:    High  side,  4.86  ohms.    Low  side,  0.0381  ohm. 

(a)  Determine  the  regulation  of  this  transformer  at  unity  power-factor 
and  at  0.8  power  factor,  lagging  and  leading  current. 

(6)  Determine  the  traneformer  efficiency  under  each  of  the  above 
Donditions. 

(c)  What  is  the  ratio  of  effective  to  ohmic  reaiatance  in  this  transformer? 


Fig.  W9A.  Pia.  IIIA. 


109,  A  20-kv-a.,  1,100/110-volt transformeriaoonneetedasshownin  Fig. 
109A  so  that  it  acts  as  a  booster  to  raise  the  hne  voltage  from  1,100  volts 
to  1,210  volts.  Neglecting  the  voltage  drops  in  the  transformer,  determine; 
(a)  the  power  received  by  the  system;  (b)  the  power  delivered  by  the  system; 
(c)  the  power  transformed;  (d)  the  power  which  flows  through  without  . 
transformation;  (e)  it  the  efficiency  of  the  transformer  is  97  per  cent.,  what 
is  the  efficiency  of  the  entire  system?  In  the  above  problem  the  transformer 
currents  must  not  exceed  the  values  given  by  the  transformer  rating. 

110,  Repeat  problem  109  with  the  secondary  reversed  so  that  the  ultimate 
voltage  is  990  volts.  Which  coil  is  the  primary  and  which  is  the  secondary 
under  these  conditions? 

111,  Figure  111  A  showsacompensator  used  for  reducing  the  voltagefrom 
150  volts  to  120  volts  for  a  10  kw.  non-inductive  load.  Indicate  all  the  cur- 
rents and  all  the  voltages  existing  in  the  system.  How  much  power  is  trans- 
formed and  how  much  passes  through  without  transformation?      Neglect 
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112.  Power  generated  in  astationby  a,  three-pha-se,  2,500-kv-a.  alternator 
at  6,600  volts,  is  transformed  for  transmission  to  33,000  volts  by  a  delta-- 
Y-oonnected  transformer  bank.  The  voltage  is  then  stepped  down  by 
delta-delta  bank  to  13,200  volts  for  distribution.  What  is  the  num 
voltage  and  kv-a,  rating  of  each  transformer?  Give  the  current  and 
voltage  rating  of  the  primary  and  aecondary  of  each  transformer.  Negleofe' 
losses. 

118.  A  certain  sub-station  receives  power  at  6,900  volts  and  this  power 
ia  stepped  down  to  2,300  volts  by  two  200-kv-a.,  V-coiineeted  transfornters. 
It  the  power-factor  of  the  secondary  load  is  unity,  what  is  the  maximum 
power  which  the  transformers  can  deliver  without  exceeding  their  ratingaT 
What  is  the  current  and  the  voltage  of  each  winding? 

114.  Repeat  problem  113  for  three  200-kv-a.  transformers  conn 
delta-delta.  Compare  the  per  cent.  increoEe  of  capacity  with  the  per 
increase  of  investment. 

116.  Power  j»  received  at  a  certain  factory  at  2,300  volts,  three-p) 
It  is  desired  to  transform  it  to  230  volts,  two-phase,  four-wire.     It  the  tot 
power  is  50  fcw.  at  0.8  power-factor,  what  should  be  the  ratings  of  the  trai 
formers  if  the  Scott  connection  is  used?     Make  a  sketch  showing  the  method! 
ot  connecting  these  transformers. 

118.  It  the  transformers  of  problem  116  were  used  to  obtain  a  23 
two-phase,  three-wire  ssrstem,  indicate  theourrentsand  the  voltages 
part  of  the  system.     Make  a  sketch. 

117.  A  single-phase  line  delivers  60  kw.  at  1,100  volts.     An  ammeter, 
voltmeter,  an  indicating  wattmeter,  and  a  watthour  met«r  are 
in  operating  this  circuit.    Sketch  the  connections  of  the  instrument  tran»>] 
formers  and  the  instruments.     Give  the  ratios  of  the  transformers  and 
factor  by  which  each  inatnimeiit  reading  must  be  multiplied  in  order  tol 
obtain  the  corresponding  value  ot  the  current,  voltage,  power,  etc.,  existing! 
in  the  high-voltage  circuit, 

QHESTIOHS  ON  CHAPTER  VIU 

1.  Describe  a  simple  experiment  illustrating  the  underlying  principle  ol 
induction-motor  action.     Show  that  the  tendency  of  the  rotor  to  follonj 
the  inducing  magnetic  field  is  another  illustration  of  Lena's  lav 
cannot  the  rotor  attain  the  speed  of  the  inducing  magnetic  field. 

3.  Make  a  sketch  of  a  two-phase  gramme-ring  winding  and  sketoi 
the  position  of  the  magnetic  field  for  three  or  four  different  values  of  tl 
currents.  Repeat  for  a  three-phase  drum  winding.  What  is  the  relaUc 
between  the  space-advance  ot  the  magnetic  field  and  the  time-change  0 
the  currents? 

S.  What  is  meant  by  revolutions  slip?  Per  cent,  slip?  Show  how  tl 
rotor  frequency  is  related  to  the  slip. 

4.  Upon  what  three  factors  does  the  torque  developed  by  an  alternating 
current  motor  depend?  Plot  a  sine  of  wave  current  and  a  sine  wave  q| 
flux  about  45°  out  of  phase  and  then  plot  the  resulting  torque  ci 
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6.  Describe  the  conatrucUou  of  a.  squirrel-cage  rotor,  indicating  the 
Various  methods  of  making  the  end-ring  connections. 

6.  Why  does  tlie  rotor  slip  increase  H-ith  increased  load?  What  is  the 
order  of  magnitude  of  the  slip  in  commercial  motors? 

7.  What  direct-current  motor  characteristics  do  the  aquiirel-cage  motor 
characteristics  resemble?  Why  do  the  power-factor  and  the  efficiency  of 
the  induction  motor  increase  rapidly  with  load? 

8.  State  one  very  serious  objection  to  the  squirrel-cage  motor  for  certain 
types  of  service.  Analyze  carefully  the  reasons  why  this  type  of  motor 
develops  but  little  torque  at  starting  although  it  takes  an  unusually  large 
current.  Under  what  conditions  is  the  torque  a.  maximum  when  the 
current  and  flux  are  fixed  in  magnitude? 

9.  Sketch  a  typical  siip-torque  curve  of  an  induction  motor.  What  is 
meant  by  the  break-down  torque?     Upon  what  three  factors  does  it  depend? 

10.  Name  several  iadustrial  applications  to  which  the  squirrel-cage  motor 
is  particularly  well  adapted. 

11.  Sketch  the  special  connectiona  used  for  starting  squirrel-cage  motors 
when  no  starting-compensator  is  necessary.  Why  are  starting  compen- 
sators necessary?     Make  a  diagram  of  two  different  types. 

12.  What  is  the  effect  upon  the  slip  of  an  induction  motor  of  introducing 
resistance  into  the  rotor  circuit?  Explain.  What  ia  the  distinct  disadvan- 
tage of  controlling  the  speed  of  the  motor  by  inserting  resistance  into  the 
rotor  circuit? 

18.  Why  are  wound-rotor  induction  motors  often  necessary?  Compare 
their  starting  characteristics,  their  operating  characteristics  and  their 
cost  with  those  of  squirrel-cage  motors.  State  a  few  of  the  industrial  appli- 
cations of  the  wound-rotor  motor. 

14.  What  is  the  effect  upon  the  operation  of  the  induction  motor;  (a) 
of  increasing  the  length  of  the  air-gap;  (6)  o!  using  open  slots;  (c)  of  using 
semi-closed  stator  slots;  (d)  of  using  semi-closed  rotor  slots?  Discuss  the 
mechanical  construction  of  the  motor  with  special  reference  to  air-gap 
requirements. 

16.  What  three  quantities  determine  the  speed  of  the  induction  motor? 
State  briefly  the  underlj-ing  principle  of  a  method  of  speed  control  which 
does  away  with  some  of  the  disadvantages  of  introducing  resistance  into 
the  rotor  circuit.  Make  a  diagram  of  connections  and  discuss  the  efficiency 
of  this  method.     Where  would  such  methods  of  speed  control  be  uaed? 

16.  Give  an  example  where  speed  may  be  controlled  by  change  of  fre- 
quency, stating  the  limits  of  such  speed  control. 

17.  State  how  the  numbe  poles  f  an  ndu  tion  motor  may  be  changed 
in  order  to  give  different   peeds      What  a  e  th    limitations  of  this  method? 

IB.  What  is  meant  b  n  at  nat  n?  Dis  uss  this  method  of  speed 
control,  giving  a  diagram  t  n  to  wh  two  similar  motors  are  used. 
To  what  direct-current  m  thod    f    peed      ntrol  does  this  correspond? 

19.  Under  what  cond  t  n  will  an  ndu  I  n  machine  develop  electrical 
enerjty?  State:  (a)  th  t  t  n  wh  h  ause  the  reversal  of  electrical 
enei^y  in  the  rotor;  (6)  th      ff    t    f  th  tions  upon  the  atator.     (c) 
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Bov  ■  Um  load  td  Um  iadocfan  gmmtor  ewitrofledT     Kj  From  wfaoe] 
doea  the  iBaebine  obtkin  Hb  '"gating  rarrcnt?     (e)  What  c 
tnqpttatj  and  roltageT 

n.  State  the  advantaen  and  the  diaadvanta^s  of  tfaeiiMliu^tiaae 
as  eonipared  with  the  Evridhraooaa  geDcrator.    Wfav  is  the  tnachin 
(actor  detennincd  br  the  mixfeae  itedf  and  not  by  the  load? 
with  a  rector  dugram.     To  what  tjpe  c/  work  is  the  inductim)  g 
particolarij  w«fl  adapted? 

SI.  What  tDeaflaremmtB  aie  neceBaaijr  in  otdfT  to  obtain  data  for  ti 
eotutnictiixi  of  the  drde  diagramT    Why  is  nda<«d  roha^e  nsd  in  tl 
Mocked  nmT    How  is  the  diafneter  of  the  semi-cifele  detennined? 
•  eoastnictjon  is  necessaiy  in  order  to  sefjaisle  the  primary  and  se«Midaiy.fl 
eopper  tooseaT 

IS.  How  are  the  following  factots  detomined  for  any  gJTen  value 
primary  ciureat:   (a)   Secondary  ninent;   (6)   power  input;   Ic)   cote  a 
fnction  ItMses;  (d)  primary  copper  loss;  (e)  f«condaty  copp^  lo»;  (/ll 
output;  ig)  efficiency;  (A)  torque;  fi)  slip;  (j)  power-factor. 

23.  Why  U  it  inaccurate  to  determine  the  slip  by  measuring  the 
and  aynchroDouH  epeeds  and   then   Bubtracting?     D^Kiibe   the  [Kind] 
of  the  stroboscope  method.     How  may  slip  be  measured  me«hanicaHy? 

24.  What    types    of   common  aJtemating-cuneDt  machinery  docs 
indaction  regulator  t«semb)eT    What  windings  has  the  legolator  and  where 
are  they  placed?    Why  is  a  tertiary  winding  necessary 
regulator  and  where  is  it  placed? 

US.  How  is  the  regulator  operated?     How  is  it  connected  to  the  eirenitf 
Compare  the  three-phase  regulator  with  the  ^ngle-phaae  regulator. 


I 


PROBLEMS  on  CHAPTER  Vm 

IIB.  A  three-phase,  60-cycle  induction  motor  has  10  polea.  Through 
how  many  space-degrees  will  the  rotatiug  field  advance  during  one  cycle' 
What  is  the  speed  of  the  rotating  field  in  revolutions  per  second?  In 
revolutions  per  minute? 

119.  Repeat  problem   118  for  a  25~cyc1e  motor  of  the  same  number  «fl 

120.  It  is  desired  to  obtain  an  induction  motor  which  shall  have  a  speed  I 
in  the  neighborhood  of  400  r.p.m.  How  many  poles  should  this  motor  haw 
if  60-cycle  power  is  available?     25-cycle  power? 

121.  The  rotor  of  a  six-pole,  three-phase,  induction  motor  rotates  at] 
1,160  r.p.m.  when  tbe  motor  is  connected  across  60-c>-cle  mains.     What 
the  slip  of  the  motor  in  per  cent?    What  is  the  frequency  of  the  current 
ip  the  rotor  when  it  is  running  at  this  speed? 

122.  A  certain  squirrel-cage  induction  motor  develops  a  starting  torqiW' 
of  40  Ib.-ft.,  when  it  is  connected  to  the  40  per  cent,  taps  of  a  three-phase 
starting  compensator,  and  the  line  curreDt  is  80  amp.  ^liat  is  the  approxi- 
mate starting  torque  and  the  line  current  when  it  is  connected  to  the  00 
per  cent,  tape? 


I 

In 
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1S3.  What  is  the  ratio  of  the  break-down  torques  of  two  similar  induction 
motors,  one  of  25-eycleB  nnd  tlie  other  of  60-cycleB  if  the  rotor  inductance, 
the  flux  aud  the  currents  are  the  aame  in  each? 

124.  A  10  hp.,  230-volt,  three-phase,  60-cycle  induction  motor,  when 
connected  directly  across  230-volt,  three-phase  mains,  takes  125  amp,  the 
instant  that  the  circuit  is  closed.  What  curreut  will  the  motor  take  and 
what  will  he  the  line  (current  if  a  (K>nipenaator  similar  to  the  one  in  Pig. 
238,  page  251,  is  used  and  the  motor  is  connected  to  the  50  per  cent,  tape? 

126.  Repeat  problem  124  for  the  60  per  cent,  tape.  What  will  be  the 
ratio  of  starting  torques  in  the  three  cases,  of  full  voltage,  50  per  cent,  aii<l 
60  per  cent,  taps? 

126.  A  six-pole,  60-cycie,  wound-rotor,  induction  motor  is  taking  10,000 
watta  from  the  line.  The  core  loss  plus  friction  losses  ia  700  watts  and  the 
stator  /'fl  loss  is  300  watts.  The  rotor  slip  is  4  per  cent,  and  the  rotor 
J'R  loss  ia  400  watts.  What  is  tlie  motor  efficiency  under  these  conditions? 
At  what  speed  does  it  run  and  what  torque  does  it  develop? 

137.  Find  the  motor  efficiency  in  problem  126  if  resistance  is  introduced 
in  the  rotor  circuit  ho  that  the  motor  runs  at  (a)  900  r.p.m.  (6)  600  r.p.m. 
(Hint:  The  ratio  of  the  rotor  PR  loss  to  the  rotor  input  is  proportional  to 
the  sUp,) 

128.  A  10  hp.,  230-volt,  six-pole,  tiO-cycle,  1,140  r.p.m.,  induction  motor 
ia  te.tted  liy  means  of  a  prony  brake.     The  data  are  as  follows: 


Average           Kilowatts 

j 

.  Volta 

Balance 
(pounds) 

Revolu- 
tions slip 

Frequenoy 

per  line 

P, 

P, 

229 

11.3 

-0.97 

1.40 

0 

1.2 

68.0 

230 

11.6 

—0,38 

1,96 

4.15 

9  75 

68.6 

226 

14. S 

-1-0.57 

3.20 

10.90 

27.5 

68.0 

229 

18,0 

-H,20 

4.00 

16.00 

40.0 

58,5 

229 

20,6 

+  1  75 

4.70 

19.00 

48.0 

68.5 

228 

24.0 

4-2.45 

6.42 

23.00 

56.0 

68,0 

228 

26.6 

-1-2,95 

6,12 

26,00 

B0,0 

68.0 

227       1     20,4 

+3.40 

6.75 

29.00 

78.0 

58.5 

The  brake  arm  is  2  ft.  long  and  its  dead  weight 

s  1.85  lb.     The  2-watt- 

meter  method  is  used.     From  the  above  data 

ompute  the   following: 

torque;   per  cent,  slip;  speed;  horsepower  output; 

fficiency;  power-factor. 

Plot  the  above  data  with  horsepower  as  abseissas. 

Why  does  the  efficiency 

increase  to  a  majcimum  and  then  decrease?     Whj 

does  the  power-factor 

increase  with  the  load?     From  the  two  wattmeter 

readings  determine  the 

power-factor,  using  cither  equation  34,  page  91,  or 

Fig.  90,  page  92.     Com-                | 

the  total  power  by  the              | 

volt-amperea. 

^ 

i 
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QHESTIOKS  ON  CHAPTER  IX 


t-current  motoi4 


1.  What  suggests  that  both  the  shunt  and  the  series  direc-t-current  n 
might  possibly  be  used  with  alternating  current?  Why  is  it  not  possible 
to  use  the  shunt  motor  effectively  with  alternating  current?  What  char- 
actcristic  of  the  seriea  motor  makes  it  possible  for  this  type  of  motor 
to  operate  effectively  with  alternating  current? 

2.  In  what  way  does  the  fiold  structure  of  an  alternating-current  series 
motor  differ  from  that  of  the  direct-current  series  motor?  How  does  the 
number  of  series  turns  of  the  alternating-current  motor  compare  with 
the  nimiber  ordinarily  used  with  the  direct-current  motor  of  corresponding 
rating?  Why  are  the  poles  short  and  of  comparatively  large  cross-section? 
Why  is  the  air-gap  short?     Why  is  low  frequency  necessary? 

3.  Why  does  the  alternating-current  series  motor  have  a  large  numl>er 
of  armature  turns?  Give  two  reasons  why  armature  reaction  must  be 
compenBttt«d.    Show  two  methods  of  comi«nsating. 

4.  What  commutating  difficulty  exists  in  the  alternating-current  motor, 
which  is  not  present  in  the  direct-ourrent  motor?  How  is  this  difficulty  met? 
Wliy  is  there  a  large  number  of  commutator  segments?  J 

6.  Sketch  a  vector  diagram  of  the  motor?     How  is  the  speed  controlled tB 
Where  ia  this  type  of  motor  used?  I 

6.  What  is  the  nature  of  the  induced  electromotive  forces  in  a  gramme-ring 
armature  having  a  commutator,  when  the  armature  is  placed  in  a  single- 
phase  alternating-current  field?  What  occurs  when  the  brushes  are  short- 
circuited  and  placed  in  the  geometrical  neutral?  When  these  brushea  are 
placed  parallel  to  the  pole  axis?     Why  is  no  torque  developed  in  either 

7.  Why  is  torque  developed  ■when  the  brush  axis  makes  some  anrfe 
greater  than  zero  and  less  than  90°  with  the  pole  axis?  How  is  the  direction 
of  rotation  controlled?  How  may  the  field  structure  be  wound  so  that  thfl  J 
brushes  may  be  left  in  the  geometrical  neutral? 

8.  Why  are  repulsion  motors  made  with  uniform  air-gaps  rather  than  w 
Bslient  poles?     What  is  the  nature  of  the  speed  and  torque  c 
repulsion  mol«r? 

9.  Show  that  a  single-phase  alternating-current  field  can  be  replaced  ti] 
two  fields  rotating  around  the  air-gap  in  opposite  directions.  Sketch  the 
slip-torque  curve  due  to  each  of  these  two  fields.  How  may  the  fact  that 
the  single-phaae  induction  motor  has  no  starling  torque  be  explained  by 
these  curves?  How  do  they  explain  the  fact  of  the  motor  accelerating  in 
the  direction  in  which  it  is  started? 

10.  By  means  of  a  sketch  show  the  position  of  the  rotor  ampere-tunui  of 
an  induction  motor  when  the  transformer  currents  alone  are  considered. 
Show  the  direction  of  the  magnetic  field  which  these  ampere-turns  produce. 

11.  Show  that  a  speed  electromotive  force  in  time-phase  with  the  single- 
flux  is  produced  by  the  rotation  of  the  armature  oonduetore.     What 

le  to  the  current  produced  by  this  speed  electromotive  force  and 
space  position?    Why  do  the  combined  effects  of  this  field  and  of 
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the  speed  field  produce  a.  rotating  magnetic  field?     How  does  this  in  part 
explnin  the  operation  of  the  single-phase  induction  motor? 

12.  What  is  the  approximate  ratio  of  weights  of  single-phsse  to  poly- 
phase induction  motors  of  the  same  ratings?  How  may  a  three-phase 
induction  motor  be  operated  single-phaae?  What  is  often  the  cause  of  a 
polyphase  motor  over-heating  when  carrying  its  normal  load? 

13.  Describe  the  manner  in  which  the  initial  starting  torque  of  a  single- 
phftBe  motor  may  be  obtained  by  splitting  the  phase.  What  is  the  order  of 
magnitude  of  this  starting  torque?  Show  how  the  phase  may  be  split  by 
the  use  of  resistance  and  inductance;  by  the  use  of  resistance  and  capacitance. 

14.  Discuss  the  operation  of  the  "shaded-pole"  as  a  method  of  starting 
single-phase  motors.  How  is  the  repulsion  motor  principle  utilized  ia  start- 
ing the  Wagner  Single-Phase  Induction  Motor?  What  operation  converts 
the  motor  from  a  repulsion  motor  to  an  induction  motor? 

10.  Upon  what  principle  does  the  phase  converter  operate?  What 
advantage  is  derived  by  its  use  on  railway  locomotives?  Make  a  diagrani 
of  connections  showing  how  the  single-phase  power  received  at  high  voltage 
from  the  trolley  ia  converted  into  low  voltage  three-phase  power  for  use  in 
the  motors  of  the  railway  locomotive. 

16.  Make  a  diagram  of  connections  showing  the  relation  of  field  windings 
to  armature,  etc.,  in  the  General-Electric  Repulsion-Induction  Motor. 
How  Ls  this  motor  reversed? 

17,  What  unique  feature  is  embodied  in  the  armature  of  the  Wagner,  type 
BK  motor?  What  excellent  ojierating  characteristics  are  claimed  for  this 
motor? 

QUESTIONS  OH  CHAPTER  X 

1.  Compare  the  design  of  the  alternator  with  that  of  the  synchronous 

5.  Show  that  at  standetill  the  average  torque  of  the  single-phase  syn- 
chronous motor  is  zero  and  that  in  order  to  develop  a  continuous  torque 
either  the  moving  conductor  or  the  moving  pole  must  cover  a  distance  equal 
to  one  pole  pitch  every  half  cycle.  What  is  the  relation  between  speed, 
frequency  and  number  of  poles? 

3.  What  reaction  occurs  in  the  direct-current  shunt  motor  which  enables 
it  to  take  more  current  when  additional  load  is  applied?  Show  that  the 
reaction  in  the  synchronous  motor  under  similar  conditions  cannot  be 
exactly  the  same  as  that  of  the  shunt  motor. 

4.  What  is  the  first  reaction  which  occurs  when  load  is  appUed  to  any 
motor?  What  resulting  reaction  follows  in  the  case  of  the  synchronous 
motor?  Show  that  the  current  taken  by  a  synchronous  motor  when  the 
angular  position  of  the  rotor  is  slightly  retarded,  is  mostly  energy  current. 

6.  What  are  the  reacticms  which  follow  an  increase  of  the  excitation  of  a 
direct-current  shunt  motor?  Why  cannot  these  reactions  occur  in  a  syn- 
chronous motor? 

6,  What  two  reactions  permit  the  synchronous  motor  to  operate  when  its 
field  current  is  increased  above  the  normal  value?  Show  that  the  induced 
armature  voltage  can  be  numerically  greater  than  the  terminal  voltage. 
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When  the  HyncbronouB  motor  ia  over-excited  what  must  be  the  phase 
lation  between  its  current  and  its  terminal  voltage?    niuatrate  by  a 
diagra:n. 

7.  What  effect  ia  noted  when  the  field  of  a  direcf^urrent  ahunt  motor 
weakened?     Why  cannot  these  reactions  occur  when  the  field  ot  the  syn- 
chronoua  motor  is  weakened? 

8.  What  is  the  effect  of  a  lagging  current  upon  the  field  of  a,  synchronous 
motor?  Upon  the  relation  of  tbe  induced  to  terminal  voltage?  MeJra 
a  vector  diagram  for  the  motor  when  operating  under-cxcited, 

9.  Why  is  a  eynchronous  motor  able  to  operate,  even  without  direct- 
current  excitation?  Whence  does  it  obtain  its  excitation  under  the» 
cond  ttioDs  ? 

10.  Sketch  a  synchronous  motor  V-ciirve.  Show  the  point  of  unity  power-- 
factor,  the  region  of  lagging  current,  and  the  region  of  leading  current 
Sketch  another  Vnjurve  in  which  the  power  ia  twice  that  of  the  origiial 
curve.  How  is  the  poaition  of  this  curve  determined?  What  ia  meant' 
by  "normal"  excitation  and  how  doea  thia  vary  with  the  motor  load? 

11.  Give  two  reasons  for  building  squirrel-cage  or  "amortisseur" 
windings  around  the  poles  of  a  synchronous  motor.  Analyze  the  reactioiii 
by  which  an  araortisaeur  winding  stabilizes  the  operation  of  the  Bynchronoia 
motor. 

13.  Describe  the  method  of  starting  a  asTichronoua  motor  by  means  of  so 
auxiliary  motor.     What  types  of  motor  are  used  for  this  purpose?    Whit  I 
are  the  objections  to  their  use?  I 

18.  What  is  the  sequence  of  operationa  in  atarting  a  synchronous  moWtfl 
by  means  of  its  direct^urrent  generator?  What  objection  ia  there  pM 
starting  a  motor  in  this  way?  I 

14.  By  what  process  may  the  synchronous  motor  start  of  itself?  WiynJ 
a  compensator  used?  Of  what  order  of  magnitude  is  the  starting  torqaellS 
When  should  the  directniurrent  field  be  cloaed?  ■ 

16.  Analyze  closely  the  method  by  which  the  synchronous  motor,  whaiM 
starting  as  an  induction  motor,  Is  able  to  pull  into  synchronism  ewfl 
without  direct-current  excitation.  I 

15.  What  happens  at  tiie  time  of  closing  the  field  switch  if  the  directs 
current  excitation  opposes  the  field  built  up  by  armature  reaction?  WhwB 
should  be  the  position  of  tbe  starting  device  when  the  field  switch  is  clondA 
and  why?  V 

17.  How  may  correct  polarity  of  the  field  poles  be  insured  so  that  littfcM 
or  no  disturbance  reaults  when  the  field  switch  is  cloaed?  fl 

IB.  Why  ia  it  ncceaaary  to  insulate  the  field  coila  of  a  synchronous  motll^B 

'<ir  a  voltage  several  times  the  normal  operating  voltage?     How  may  tlrifl 

emotive  force  induced  in  the  field  be  rRduced?  U 

Vhy  are  synchronous  motors,  running  without  load,  often  installBfl 

US  points  of  power  systems?    What  ia  the  motor  called  when  opofl 

ler  these  conditions?  fl 

at  m  the  distinct  advantage  of  using  a  synchronous  motor  drive ^| 

■tances?  jH 
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11^  SI.  Show  by  a  vector  diagram  how  it  is  possible  to  control  the  voltage 
*»-■*;  Borne  point  on  a  system  bj  means  of  a  synchronous  motor  or  synchronouH 
'itiiidpnBer.  What  condition  ih  necessary  in  order  that  the  voltage  at  the 
•Hotor  be  raised  to  a  value  higher  than  that  of  the  rest  of  the  system?  What 
*iegree  of  excitation  is  necesaarj  in  order  that  the  voltage  may  be  raised? 
Sketch  the  connections  of  a  motor,  together  with  the  necessary  instruments 
for  making  tests  when  the  motor  ia  used  as  a  voltage-controlling  device. 

22.  Why  are  single-phaae  synchronous  motors  not  common? 

23.  What  are  the  advantages  of  the  polyphase  synchronous  motor  over 
the  polyphase  induction  motor?  What  are  its  disadvantages?  Under 
what  conditions  should  it  be  used? 

24.  Describe  two  simple  types  of  synchronous  motor  which  are  of  very 
szaall  size.  Upon  what  property  of  the  magnetic  circuit  do  they  dei»et)d  for 
their  operation?  From  where  do  they  obtain  their  field  excitation?  For 
■what  purposes  are  such  motors  used? 

PROBLEMS  ON  CHAPTER  X 
129.  A  lOO-kv-a.,  600-volt,  Y-eonnected,  three-phase  synchronous  motor 
has  the  following  constants. 

Armature    resistance    per    coil  =  0.08  ohm. 
Synchronous  reactance  per  coil  =  1.0  ohm. 
Determine  the  back  electromotive  force  of  the  motor  tor  a  current  of 
100  amp. 

(a)  When  the  power-factor  of  the  motor  is  unity. 
(6)  When  the  current  leads  the  terminal  volts  by  approximately  90°. 
(c)  When  the  current  lags  the  terminal  volts  by  approximately  90°. 
(Not«:  In  (6)  and  (c)  the  resistance  drop  may  be  neglected.) 
180.  The  motor  of  problem   129  requires  a  field  current  of  30  amp.  at 
110  volts  and  the  core  and  friction  losses  are  3,000  watta  when  the  motor 
is  operating  at  unity  power-factor  at  its  rated  load.     What  ia  its  output  in 
hp.  and  what  is  its  efficiency  at  this  load? 

131.  Figure  131  (A)  shows  four  V-curves  tor  a  200-kv-a.,  600-volt,  syn- 
chronous motor. 

(a)  Indicate  the  kilowatt  input  at  which  each  curve  was  obtained. 
(6)  Draw  lines  through  points  of  unity  power-factor  and  of  0.75  power- 
factor,  leading  and  lagging  current. 

132.  The  synchronous  motor  of  problem  131  is  connected  in  parallel  with 
a  load  of  150  kilowatts  at  600  volts  and  0.6  power-factor,  lading  current. 
The  motor  runs  light  without  load.  To  what  value  must  its  excitatJoa  be 
adjusted  in  order  to  bring  the  system  power-factor  up  to  unity?  fUae 
lowest  curve,  Fig.  13U.} 

133.  Repeat  problem  132  except  that  the  power-factor  ia  brought  up  to 
0.9.     How  many  kv-a.  must  the  motor  take  in  each  case? 

134.  What  is  the  maximum  power-factor  which  the  sj-stem  can  have  in 
problem  131  if  the  motor  carries  a  load  of  150  kw.?  It  must  not  be  over- 
loaded.    What  is  the  value  of  the  field  current? 
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and  attracted  during  the  other  half-cycle?  What  are  the  approximate 
jiejQcy  and  maximum  capacity  of  this  type  of  device? 
What  property  has  aluminum,  when  immersed  in  certain  salt  solutions, 
.  ih  makes  it  possible  to  utilize  it  in  the  rectification  of  alternating  cur- 
jfl?  Sketch  a  wiring  diagram  of  such  a  rectifier  which  rectifies  every 
.-cycle.  What  are  the  disadvantages  and  the  limits  of  capacity  for  this 
8  of  rectifier? 

^  What  common  methods  may  be  used  to  convert  alternating  to  direct 
rent  on  a  large  scale  ?  Name  the  disadvantages  of  each  type  of  apparatus. 
_.  Name  the  machines  whose  principles  are  embodied  in  the  synchronous 
tverter.  Just  how  is  the  converter  armature  connected?  How  is  power 
3plied  to  the  ordinary  converter  armature?  What  power  is  taken  from 
»  armature?  Name  the  different  typ)es  of  familiar  machines  for  which 
ft  converter  may  be  used. 

3.  Under  what  operating  conditions  is  the  synchronous  converter  called 
drect"?     '*  Inverted"? 

^.  Indicate  the  points  at  which  the  slip-ring  taps  connect  to  the  winding 
a  four-phase,  two-pole  converter.     Four-phase,  four-pole  converter. 
LO.  Repeat  (9)  for  a  three-phase,  two-pole  converter  and  a  three-phase, 
iT-pole  converter.     How  many  taps  will  an  eight-pole,  six-phase  converter 
ve?     What  special  restriction,  not  necessary  with  the  ordinary  direct 
Trent  winding,  is  imposed  on  the  converter  winding?     Why? 
LI.  Compare  the  number  of  active  conductors  between  brushes  with  the 
mber   between  sUp-ring  taps  in  the  single-phase  converter.     How  is 
5  resulting  voltage  between  direct-current  brushes  obtained?     Between 
p-ring  taps?     What  is  the  relation  between  the  two? 
L2.  Show  by  a  circle  and  an  inscribed  polygon  how  the  individual  in- 
ctor  voltages  of  a  converter  add.     Indicate  how;  (a)  the  single-phase  volt- 
e  is  obtained;  (6)  the  three-phase  voltage;  (c)  the  four-phase  voltage; 
)  the  six-phase  voltage. 

18.  Knowing  the  voltage  relations  in  a  converter  armature,  derive  the 
tio  of  the  direct  current  to  the  alternating  current  per  terminal  in  (a) 
le  single-phase  converter,  (6)  the  three-phase  converter,  (c)  the  four-phase 
mverter;  (d)  the  six-phase  converter.  Show  the  effect  of  efficiency  and 
ower-f actor  on  these  ratios. 

14.  Sketch  the  variation  of  the  direct  current  in  a  single  conductor  midway 
etween  slip-ring  taps,  as  it  takes  successive  positions  in  its  rotation, 
ketch  the  alternating  current  in  this  same  conductor  for  corresponding 
ositions  when  the  current  is  in  phase  with  the  induced  emf.  Find  the 
stiltant  current. 

15.  Repeat  (14)  for  a  conductor  at  one  of  the  slip-ring  taps. 

16.  Repeat  (15)  for  a  power-factor  considerably  less  than  unity. 

17.  What  is  the  effect  on  the  resultant  current  curve  of  increasing  the 
limber  of  phases? 

18.  Why  does  increasing  the  number  of  phases  materially  increase  the 
iting  of  a  converter?  Why  does  the  efficiency  of  a  converter  decrease  more 
ipidly  with  a  decrease  in  power-factor  than  it  does  in  most  other  types  of 
>paratus? 
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6.  A  500-kw.,  2,300-voH,  three-phase  load  has  an  average  power-factor 
j,  lagging  current.  How  many  leaJing  quadrature  kv-a,  are  ne<«sflary 
ise  it*  power-fartorto  0.6?  0.8?  O.S?  1.0?  Plot  a  curve  withpower- 
ir  as  abacisaas  and  kv-a.  as  ordinates. 

6.  What  size  synchronous  motor  would  be  neceasory  to  raifle  the  power- 
it  of  problem  136  to  unity  and  at  the  same  time  take  600  kw.  from  the 
n  order  to  carry  its  mechanical  load? 

7.  Repeat  problem  I3ft  exi'ept  that  the  power-factor  ia  raised  only  to 
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1S8.  A  48-pole,  60-cycle,  synchronous  motor  shows  a  tendency  to  hunt. 
How  many  space-degrees  either  side  of  its  tnie  position  may  its  rotor  swing 
it  its  baek  electromotive  force  may  have  a  phase  displacement  of 
than  10  time-degrees? 

QUESTIOHS  ON  CHAPTER  XI 

!■  Give  several  uses  of  electrical  [lower  in  which  it  is  impossible  to  empl 
alternating  current. 

2.  Make  a  sketch  showing  the  method  of  operation  of  the  rectif; 
commutator.    What  are  the  diaadvantagea  of  this  type  of  rectifier' 
how  larce  rnparitica  ia  it  posaible  to  operate  this  type  of  rectifier? 

3.  rfioii  uhiit  principle  does  the  mercury-an:  rectifier  operate?  Why  are 
two  uncides  usually  employed?  Why  is  it  neceaaary  tJj  have  reactance  in 
circuity     t^kotuh   the   diagram    of   connections   which   would    be   used   for 

w-voltuge  storage  battery  and  trace  the  current  flow,  explaining 
■oration  of  the  auto-transformer.     Why  is  a  starting  aDod« 

itnderlyiog  principle  of  the  tungor  rectifier?     Why  a 
'ed  (lom  the  incaudeeccut  filament  during  <; 
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cycle  and  attracted  during  the  other  half-cycle?     What  are  the  approximate 
efficiency  and  maximum  eapacity  of  this  type  of  device? 

K.  What  property  has  aluminum,  when  Immersed  in  certain  salt  solutions, 
which  makea  it  possible  to  utilize  it  in  the  rectification  of  altemating  cur- 
rents? Sketch  a  wiring  diagram  of  such  u  rectifier  which  rectifies  every 
half-cycle.  What  are  the  disadvantages  and  the  limits  of  capacity  for  this 
type  of  rectifier? 

6.  What  common  methods  may  be  used  to  convert  alternating  to  direct 
current  on  a  large  scale?    Name  the  disadvantages  of  each  type  of  apparatus. 

7.  Name  the  machines  whose  principles  are  embodied  in  the  synchronous 
converter.  Just  how  is  the  converter  armature  connected?  How  is  power 
supplied  to  the  ordinary  converter  armature?  What  power  is  taken  from 
the  armature?  Name  the  different  types  of  familiar  machines  for  which 
the  converter  may  be  used. 

8.  Under  what  operating  conditions  is  the  synchronous  converter  called 
"direct"?     "Inverted"? 

9.  Indicate  the  points  at  which  the  slip-ring  taps  connect  to  the  winding 
in  a  four-phase,  two-pole  converter.     Four-phase,  four-pole  converter. 

10.  Repeat  (S)  for  a  three-phaae,  two-pole  converter  and  a  three-phaae, 
ftlbur-pole  converter.  How  many  taps  will  an  eight-pole,  six-phase  converter 
E  have?  What  special  restriction,  not  necessary  with  the  ordinary  direct 
^  current  winding,  is  imposed  on  the  converter  winding?     Why? 

11.  Compare  the  number  of  active  conductors  between  brushes  with  the 
Dumber  between  shp-ring  taps  in  the  single-phase  convorter.  How  is 
the  resulting  voltage  between  direct-current  brushes  obtained?  Between 
slip-ring  taps?     What  is  the  relation  between  the  two? 

IS.  Show  by  a  circle  and  an  inscribed  polygon  how  the  individual  in- 
ductor voltages  of  a  converter  add.  Indicate  how;  (a)  the  single-phase  volt- 
age is  obtained;  (b)  the  three-phase  voltage;  (c)  the  four-phaae  voltage; 
(d)  the  six-phase  voltage. 

15.  Knowing  the  voltage  relations  in  a  converter  armature,  derive  the 
ratio  of  the  direct  current  t«  the  alternating  current  per  terminal  in  (a) 
the  single-phase  converter,  (b)  the  three-pbase  converter,  (c)  the  four-phase 
converter;  (d)  the  six-phase  converter.  Show  the  effect  of  efficiency  and 
power-factor  on  these  ratios. 

14.  Sketch  the  variation  of  the  direct  current  in  a  single  conductor  midway 

between   slip-ring  taps,   as   it  takes  successive   iX)sitions   in   it«   rotation. 

II     Sketch  the  alternating  current  in  this  same  conductor  for  corresponding 

I      positions  when  the  current  is  in  phase  with  the  induced  emf.     Find  the 

resultant  current. 

16.  Hepeat  (14)  for  a  conductor  at  one  of  the  slip-ring  tape. 

16.  Repeat  (IS)  for  a  powcr-factair  considerably  less  than  unity. 

17.  What  is  the  effect  on  the  resultant  current  curve  of  increasing  the 
•   number  of  phases? 

■        IB.  Why  does  increasing  the  number  of  phases  materially  increase  the 
rating  of  a  converter?    Why  does  the  efficiency  of  a  converter  decrease  more 
y  rapidly  with  a  decrease  in  power-factor  than  it  does  in  most  other  types  of 
|l  apparatus? 
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19,  Compare  commutation  in  a  converter  nhen  operating  as  aucb  and 
when  operating  as  a  direct-current  generator  carrying  the  same 
Why  doca  the  very  materially  increased  armature  current  resulting  from 
low  power-factora  have  little  distorting  effect  on  the  main  fields?  What  is 
its  effect  on  commutation? 

30.  Why  are  commutating  poles  desirable  in  synchronous  convert«B 
even  although  the  main  field  ia  not  distorted  to  any  considerable  extent 

31.  Why  are  the  voltage  ratios  in  a  converter  almost  constant  und« 
operating  conditions?     Why  is  it  possible  to  modify  the  ratio  of  the  dirt 
to  the  alternating  voltage  a  small  amount  by  changing  the  excitation? 

22.  Explain  how  a  series  reactance  may  be  used  to  control  the  direct* 
current  voltage.  When  may  a  separate  reactance  be  omitted?  State  th*. 
disadvantages  of  this  reiethod  of  voltage  control. 

23.  Explain  the  use  of  the  induction  regulator  as  a  means  of  controllings: 
the  direct-current  voltage.     What  is  the  objection  to  the  use  of  the  regulatoiT  r 

31.  Explain  the  operation  of  the  aeries  booster.  What  are  its  advantago): 
and  its  disadvantages?  , 

26.  Why  is  it  impracticable  to  control  the  direct-current  voltage  by- 
changing  to  different  transformer  taps  when  the  converter  is  in  operationt 

26.  Explain  the  underlying  principle  of  the  split-pole  method  of  volta| 
control, 

37.  Sketch  a  diagram  of  connections,  including  all  instniracnte,  whie 
would  be  used  in  determining  the  various  characteristics  of  the  converte 
What  characteristics  is  it  instructive  to  determine?  How  should  they  t 
plotted? 

28.  Why  are  transformers  almost  always  necessary  with  synchronoi 
converters?  Sketch  the  connections  of  the  double- Y,  six-pbaae  sccondai_ 
connection,  showing  the  primaries  in  either  Y  or  delta.  Indicate  tU 
voltage  at  each  point,  assuming  220  volts  between  the  three-phase  lines  o 
the  primary  side.     What  is  the  advantage  of  this  system? 

29.  Repeat  {28)  for  the  double-delta  connection  of  secondaries. 
SO.  How  does  the  rating  of  a  synchronous  converter,  when  operatin) 

inverted,  compare  with  its  rating  when  operating  direct?  Why?  How  d 
the  speed  relations  in  the  two  cases  compare?  Show  by  careful  analysi 
the  sequence  of  reactions  which  may  cause  an  inverted  converter  to  rae< 
What  means  are  used  to  prevent  racing? 

81.  By  what  reactions  does  a  synchronous  converter  armature  start  rO 
tating  when  polyphase  currents  are  supplied  to  its  slip-rings?  What  ia  i 
sectionalizing  switch,  and  what  should  be  its  position  when  starting  tb 
converter  from  the  alternating-current  aide?  Why  is  it  necessary  to  on 
the  aeries-field  shunt,  etc.?  When  starting,  why  does  sparking  take  pTaa 
under  the  brushes  even  with  no  direct-current  load?  Why  are  brush-lifting 
devices  necessary? 

33.  How  does  the  armature  pull  into  synchronism?  What  effects  occur 
if  the  shunt-field  current  opposes  the  field  built  up  by  armature  reaction} 
wmay  the  continual  "slipping  of  a  pole"  be  stopped?  ^ 
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two  methods  liy  which  the  diretit-current  iwlarity  may  be  re- 


I  84.  Describe  how  the  speed  of  rotation  in  apace  of  the  field  produced  by 

«  currents  becomes  less  and  lesa,  during  starting,  as  the  armature 

"Speed    approaches    synchronism.     How    does    this    affect    commutation? 

Itescribe  the  behavior  of  a  direct-current  voltmeter  connected  across  the 

brushes  during  the  starting  period.     When  should  the  field  switch  he  closed? 

36.  How  may  the  armature  be  induced  to  build  up  the  field  poles  to  the 

right  polarity  and  so   insure   the  correct  direct-current   polarity   at  the 

36.  Describe  briefly  the  procedure  of  starting  a  Hynehronous  converter 
by  means  of  an  auxiliary  machine. 

87.  Give  the  connections  of  both  the  shunt-  and  the  series-field  circuits 
of  a  synchronous  converter  when  it  is  started  from  the  direct-current 
side.  Why  should  the  switch  between  the  transformer  secondaries  and  the 
slip-rings  be  opened  during  the  starting  period?  What  difficulty  is  en- 
countered in  synchronizing? 

38.  Discuss  the  operation  of  synchronous  converters  in  parallel.  How 
many  equalizers  may  be  required?  How  are  the  ioada  between  machines 
adjusted?  Why  is  it  preferable  that  each  converter  have  its  own  trans- 
former bank? 

39.  Why  may  synchronous  converters  operating  in  parallel  show  a 
tendency  to  run  away  under  some  circumstancM?  Describe  methods  which 
are  used  to  prevent  synchronous  converters  from  thus  running  away. 

40.  What  is  the  principle  by  which  a  neutral  is  obtained  in  the  three-wire 
generator?  Why  is  it  undesirable  to  use  three  single  secondaries  connected 
in  Y  when  obtaining  a  neutral?  How  maya  Y-connectionbe  used  and  at  the 
same  time  direct-current  magnetization  of  the  core  be  prevented? 

41.  Sketch  the  complete  connections  of  a  three-wire,  six-phase  synchro- 
nous converter  having  two  series  fields,  where  the  transformer  secondaries 
are  connected  6-phase  star. 

PROBLEMS  ON  CHAPTER  XI 

189.  It  is  desired  to  secure  a  200-!!w.  synchronous  converter  and  its  trans- 
formers for  changing  three-phase,  6,600-volt  power  into  115  volts  direct 
current.  The  converter  has  three  slip-rings  and  the  transformerB  are 
connected,  primaries  in  delta  and  secondaries  in  Y.  The  converter  has 
an  efficiency  of  90  per  cent,  and  the  transformer  bank  an  efficiency  of 
97.8  per  cent.  When  the  converter  operates  at  95  per  cent,  power-factor 
determine: 

(a)  The  direct-current  rating  of  the  converter. 

(ft)  The  alternating  current  per  shp-ring. 

(c)  The  rating  in  kilo  volt-amperes,  amperes,  and  volts  of  the  transformer 
secondaries. 

(d)  The  power  input,  the  current,  and  the  voltage  of  each  transformer 
primary  when  the  converter  is  delivering  rated  output. 
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IM.  A  coavertcT  similar  to  that  of  problem  139  has  six  slip^in^  &nd 
operated   six-phase.     This   increases   its   efficiency   to   92   per   cent, 
transfonners  are  connected,   the   primaries  in  delta  and   the  accondantf 
six-phase  diametricaL     When  the  converter  is  delivering  200  kw.  and 
ating  at  95  per  cent,  power-factor  (see  Fig.  140.1)  detennine: 

(o)  The  voltages  Ei-,,  Ei-t,  etc. 

(fit  TTie  volUgra  E,-,.  E^^  Ej-i. 

(c)  TTie  diametrical  voltages  Ei-t,  £j-i,  etc. 

(d)  The  current  in  each  transformer  secondary. 
What  is  the  probable  rating  of  the  converter  under  these  new 

and  have  the  transfomiprs  now  the  proper  rating? 


I 


Ml.  If  three  other  transformers  having  the  same  kilovolt-amper«  rati 
as  those  in  problem  140  be  connected  primaries  in  Y  and  secondaries 
double- Y,  with  connected  neutrals,  determine: 

fa)  The  rating  of  each  primary,  in  kilo  volt-amperes,  volte,  and  am] 
assuming  200  kw.  output  of  the  converter. 

(b)  All  possible  voltages  obtainable  from  the  transformer 

148.  A  500-kw.  synchronous  converter  ia  to  be  installed  for  supplyii 
230-volt.  three-wire,  direct-current  service.  The  alternating-current  sujq 
Is  13,800  voIU.  e^cycles. 

Make  a  complete  diagram  of  connections  such  as  would  be  neMssary 
obtaining  the  required  direct-current  service.  Indicate  the  currents  > 
voltages  at  each  point.  Obtain  the  cfliciencies  of  the  various  parts  of  I 
system  from  data  already  given. 

QTJESTTOMS  ON  CHAPTER  Xn 

i.  Why  is  alternating  current  particularly  wsll  adapted  for  transmittill 
power  over  considerable  distances?  What  difficulties  are  encount«rt 
when  direct  current  is  similarly  used? 

2.  State  the  advantages  of  polyphase  transmission.     Uliich  of  the  p<^ 
phase  systems  is  most  commonly  used  and  why?     Under  what 
is  single-phase  occasionally  used? 
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5.  Why  are  6,600-VDlt  generafora  coiimionlj'  uaed  when  the  transmiBHion 
voltage  is  high?  What  rough  baaia  c;an  he  used  for  dotermiiiing  the  trans- 
miaaion  voltBgt?  What  euODomicoonaiderationaareinvoIvedindet^rniining 
thia  vojtage? 

4.  Give  the  principal  links  in  a  power  system  which  distributes  power  to 
Urge  and  sraaii  conaumera  located  at  a  considerable  distance  from  the 
point  of  generation  of  power.  tJtate  the  consideraliona  which  govern  the 
eeltictiou  of  each  of  these  linka. 

6.  Why  are  the  voltages  ordinarily  selected  for  power  and  for  lighting 
purposes  usually  different?  Why  should  thi;  secondaries  of  lighting  trans- 
formers be  grounded? 

6.  Name  the  various  tj'pes  of  apparatus  which  may  be  installed  in  u  sub- 
station, giving  the  type  of  seri-ice  which  each  supplies, 

7.  Make  a  sketch  of  the  magnetic  field  existing  between  the  two  parallel 
conductors  of  a  single-phase  transmission  line.  What  eSect  doea  thia 
field  have  on  the  operation  of  the  line? 

8.  On  what  two  factors  does  the  inductance  of  auch  a  line  depend?  Dis- 
tinguish bi'twocn  the  inductance  of  the  circuit  loop  and  that  of  a  single  wire. 

9.  Sketch  the  magnetic  field  which  may  exist  at  some  particular  instant 
in  tiie  region  between  the  three  conductors  of  a  three-phase  transmission 
line,  these  conductors  being  symmetrically  spaced.  What  ia  the  general 
nature  of  the  field  existing  in  this  region  and  what  is  its  effect  on  the  operation 
of  the  transmission  system? 

10.  On  what  three  factors  does  the  reactance  per  conductor  of  a  three- 
phase  system  depend? 

11.  Sketch  the  electrostatic  field  which  exists  between  the  two  conductors 
of  a  eingle-phase  transmission  systen>.  On  what  two  factors  does  the 
capacitance  existing  between  two  such  wires  depend? 

•  12.  Show  that  a  thin  fictitious  plane  may  be  inserted  midway  between 
two  itaraUel  wires  and  perpendicular  to  their  plane  without  disturbing 
the  electrostatic  field  between  these  conductors.  With  this  as  a  basis, 
replace  the  capacitance  between  conductors  by  two  series-connected 
condensers.  What  ia  the  ratio  of  the  capacitance  of  each  of  these  con- 
denaers  to  the  capacitance  between  the  line  conductors? 

13.  Replace  the  actual  capacitance  which  exists  between  sjiametrically- 
spaeed  three-phase  lines  by  two  different  arrangements  of  condensers. 
Which  of  these  two  arrangements  is  ordinarily  considered  and  why? 

14.  What  close  approximation  as  to  wire  spacing  may  be  used  when  trans- 
mission conductors  are  not  located  at  the  corners  of  an  equilateral  triangle? 

16,  State  some  of  the  advantages  of  spUtting  a  single-phase  transmisaion 
line  along  a  fictitious  neutral  and  using  the  quantities  to  neutral  when 
working  out  the  line  characteristics. 

16.  Why  can  the  ground  be  considered  as  having  no  resistance  and  no 
inductance  although  such  is  actually  not  the  case? 

17.  Given  the  line  resistance  and  reactance,  the  load  voltage,  current 
and  power-factor,  show  by  means  of  a  vector  diagram  the  method  of  ob- 
taining the  voltage  at  tho  sending  end  of  the  line. 
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IS.  Show  that  a  three-phase  line  may  be  split  into  three  single  lines,  any 
one  of  which  may  be  used  tor  purposes  of  calculation.  Why  can  the  gininal 
be  considered  as  having  zero  resistance  and  zero  reactance  under  ifane 
conditions? 

19.  How  is  the  capacitance  of  a  line  actuaJly  distributed?  For  purpoea 
of  calculation  how  may  this  total  capacitance  be  diatribated?  What  effect 
doea  the  current  taken  by  each  condeneer  have  on  the  line  behavior?  The  _ 
generator  load? 

30.  What  ia  the  general  nature  of  "corona"?    Upon  what  factors  doea  it 
appearance  depend?     Upon  what  parts  of  a  conductor  does  it  first  appearfl 
Hon  may  corona  losa  on  transmission  lines  be  minimized? 

21.  What  facMrs  may  cause  abnormal  voltage  rise  in  a  power  systeBiH 
What  is  the  purpose  of  a  lightning  arrester?     Wb&t  four  properties  shooll 
lighting  arresters  possess? 

52.  Describe  the  multigap  arrester,  discussing  its  operation.  What  i 
the  weak  point  in  this  type  of  arrester? 

53.  On  what  principle  does  the  homgap  operate?  Why  is  it  nee 
to  use  resistance  or  reactance  in  series  with  such  a  gap?  What  a 
disadvantages  of  the  horngap  arrester? 

24.  What  LB  the  underlying  principle  of  the  aluminum  cell  arresUi 
Why  can  an  alternating  current  flow  into  such  an  arrester  when  a  direi 
current  cannot,  even  though  the  film  is  intact  in  both  cases? 

26.  Dcscriite  the  characteristics  which  make  Buch  a  device  an  excellefl 
lightning  arrester.     What  ia  the  general  arrangement  of  the  individual  ci 
in  the  actual  arrester?     Why  is  oil  used? 

26.  Why  is  there  a  short  homgap  in  series  with  each  arrester?  Why 
ii  it  necesaary  to  "charge"  such  arresters  at  intervals?  Sketch  the  con- 
nections of  an  arrester  designed  to  protect  a  three-phase  ungrounded  ayatem. 

27.  Sketch  the  connections  showing  the  poaition  of  the  arrester,  i 
choke  coil  with  relation  to  the  incoming  (or  outgoing)  line,  and  of  t 
apparatus  which  it  ia  designed  to  protect. 

28.  State  the  advantages  of  pin-type  insulators  for  low  and  moi 
voltages.     What   are   their  limitations   at   the   higher   voltages? 
materials  are  used  for  these  insulators,  and  what  ate  their  relative  advantaM 
and  disadvantages?     Why  are  the  larger  units  made  up  in  sections? 

29.  In  what  manner  doea  the  suspenaion-type  of  insulator  support  t 
line  conductois?  What  are  the  advantages  of  this  type  of  insulator  o 
the  pin-type? 

30.  Under  what  conditions  are  wooden  polea  employed  as  line  supportl 
Steel  poles?     Steel  towers?     Compare  ateel  towers  and  steel  poles 

31.  What  is  meant  by  "flexible  tower"  construction?  Under  what  a 
ditions  are  flexible  towera  used  and  what  are  their  advantages? 

32.  What  is  the  function  of  the  sub-station?  Sketch  roughly  the  o 
nectiona  of  a  transformer  sub-station. 

33.  By  what  types  of  apparatus  ia  direct  current  obtained  from  olta 
nating-current  supply?  Compare  the  advantages  and  disadvantages  t 
tbeae  different  typea. 
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34.  Why  is  it  difficult  to  break  a  high-voltage  power  arc  in  air?  DiscuBB 
briefly  the  constructioa  of  aw  oil  switch  for  high  voltages.  Why  is  it  neces- 
sary that  the  case  be  designed  to  withstand  high  prpsaurea? 

36.  What  special  cnre  must  l>e  used  in  carrying  high-voltage  hnes  into 
Btations?  What  care  should  bo  taken  in  the  location  of  the  various  types 
of  apparatus? 

36.  What  are  the  economic  necessities  which  have  developeci  the  outdoor 
sub-station?  In  what  way  does  the  apparatus  for  such  a  station  differ 
from  that  of  an  indoor  station? 

PROBLEMS  ON  CHAPTER  XII 

143.  Calculate  the  inductance  per  mile  of  a  two-conductor  distributing 
line  of  2/0  solid  conductors  spaced  2  ft.  apart.  What  is  the  inductance  if 
the  distance  between  the  wires  is  4  ft,? 

144.  What  ia  the  reactance  per  conductor  at  60  cycles  of  4  miles  of  the 
Unes  of  problem  143?  What  is  the  maximum  allowable  current  if  it  is 
necessary  that  the  reactive  voltage  drop  shall  not  exceed  250  volts  in  the 
two  wires?     What  is  the  total  impedance  drop  per  wire? 

146.  A  three-phase  distribution  line  consists  of  three  4/0  solid  conductors 
eymmetricaJly  spaced,  the  distance  between  conductors  being  30  in.  (n) 
What  is  the  reactance  per  wire  per  mile  of  this  hne  when  the  frequency  is 
26  cycles  per  second?  60-cyclea  per  second?  (6)  Wliat  is  theimpedance 
under  these  conditions? 

146.  What  is  the  capacitance  to  neutral  per  raile  of  the  line  in  problem 
143?  What  is  the  charging  current  when  there  is  6,900  voita  between  con- 
ductors and  the  frequency  is  60  cycles  per  second  ? 

147.  A  30-mile  transmission  line  consists  of  two  4/0  conductors  spaced 
3  ft.  apart,  (o)  What  is  the  capacitance  to  neutral  of  this  system  ?  (6) 
What  is  the  60-eycle  charging  current  if  the  voltage  is  26,400  volts  between 
conductors? 

148.  Compute  the  capacitance  to  neutral  per  conductor  and  the  charging 
current  per  conductor  in  problem  147,  if  the  system  is  changed  to  a  three- 
phase  system  by  the  addition  of  a  third  conductor  similar  to  the  other  two 
and  equally  spaced  from  them.  The  voltage  between  wires  is  the  same  in 
both  cases. 

149.  The  voltage  at  the  receiving  end  of  the  line  with  the  2-foot  spacing  in 
problem  144  is  2,300  volts,  when  the  load  is  100  kw.  and  the  load  power- 
factor  is  unity,  (a)  What  is  the  voltage  at  the  generating  end?  {6)  What 
is  the  line  regulation?  (c)  What  is  thepower-factorat  the  generating  end? 
Neglect  the  charging  current. 

160.  Repeat   problem    149  for  a   power-factor   of  0.8,   lagging  current. 

ISl.  Repeat   problem   149  for  a   power-factor   of  0.8,   leading  current. 

162.  It  is  desired  to  transmit  2.000  kw., single-phase,  a  distanceof  15 miles 
with  10  per  cent,  line  loss.  The  load  voltage  is  1.5,000  volts,  the  load  [wwer- 
factor  is  0.7,  lagging  current,  the  frequency  is  25  cycles  per  second,  and  the 
eonductora  are  spaced  30  in.  on  centers.     Find   (a)  the  voltage  drop  per 


r 

i 


506 


ALTERNATING  CURRENTS 


I 


wire;  (b)  the  generator  voltage;  (c)  the  line  regulation;  and  (d)  the  gene 
jiower-f actor. 

163.  Givea  transmtesion  dis:.ance  20  miles;  load,  5,000  kw.;  load  voltag^ 
33,000  volts  between  cooductors;  syetem,  three-phase;  frequency,  60  cycles 
persecond;loadpower-factorof  0.85,  lagging  current;  spacing  of  conductore, 
4S  in.;  permissible  line  loss,  10  per  cent,  of  receiver  power,  find  (a)  Udo 
r^ulation;  (b)  generator  power-factor.     Neglect  the  charging  current. 

164.  Repeat  problem  153  for  a  power-factor  of  0.85  leading  current. 
166.  A  hydroelectric  station  transmits  50,000  kw.,  three-phase,  60  cycles, 

a  distance  of  120  miles  over  a  line  consisting  of  three  0000  copper  conducton 
spaced  13  ft.  apart.  The  voltage  between  line  wires  at  the  sub-stalion  i| 
140,000  volts;  the  power-factor  of  the  load  is  0.9,  lugging  current,  fmd  (4 
line  regulation;  (b)  efficiency  of  transmtseion.  The  line  charging  c 
should  bo  taken  into  consideration. 

166.  Repeat  problem  135  for  a  power-factor  of  0.9.  leading  curren 

QDESTIOHS  on  CHAPTER  Xm 

1.  How  may  light  be  described?     What  is  illumination?     Photonet 

5.  What  is  luminous  inle:;sity?  In  what  units  is  it  measured? 
is  the  objection  to  the  use  of  the  candle  as  a  photometric  standard? 
photometric  standards  are  used  at  the  present  time? 

3.  Define  a  unit  solid  angle  or  "steradian."  What  are  its  geom 
properties?     How  many  solid  angles  exist  about  a  point? 

4.  In  what  way  may  light  flux  be  considered  7     In  what  way  is  it  0 
parable  to  magnetic  flux?     niiat  is  a  lumen?     Why   is   a  given  vone4 
light  flux  confined  to  the  soUd  angle?    How 
candle  emit  if  its  intensity  in  all  directions 
intensity? 

6.  Why  were  carbon  lamps  rated  in  i 
WTiat  is  the  objection  to  this  method  of  rati 
at  the  present  time  to  rate  lamps  in  lumensl 
lumens  and  mean  spherical  candlepower? 

5.  What  is  illumination?  What  is  the  un 
in  magnetism  ? 

T.  What  is  the  lawof  inverse  squares?  How  is  this  law  proved  ge 
ally?  What  assumption  may  introduce  error  into  the  application 
law?  Wliat  is  the  magnitude  of  this  error  and  how  may  it  bi 
negligible? 

8,  What  is  meant  by  "absorption?''  What  types  of  surfaces 
the  largest  proportion  of  incident  light?  ^^hat  types  reflect  the 
What  determines  the  color  of  a  surface?  What  is  meant  by  t&e  ''coel 
of  absorption''? 

9.  Why  does  the  intensity  of  light  emanating  from  light  sources 
vary  in  different  directions?  How  does  hght  intensity  in  generaJ 
horizontal  planes  or  sones?  In  what  way  may  this  distribu 
represented?     In  what  regions   is  the  ii^t  from  an  incandescent 


an  horizontal  candlepower? 
7  Why  is  it  highly  desirable 
What  is  the  relation  betweoi 

To  what  does  it  ei 
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the  greatest  iDtenaity?    Of  the  least  intenaity?    Of  what  commercial  uee 
are  these  distribution  curves? 

10.  What  ia  tneunt  by  incandescence?  How  does  the  light  emitted  by 
an  incandescent  substance  vary  with  its  temperature?  Does  this  bear 
any  relation  to  the  efficiencies  of  various  iliuminanta? 

11.  In  what  way  does  luminescence  differ  from  incandescence?  Give 
examples  of  luminescent  sources  of  light. 

12.  Name  two  essential  retjuirenients  for  an  incandescent  lamp  filament. 
Why  was  a  carbon  filament  practically  the  only  satisfactflry  filament  for  a 
number  of  yeara?  How  does  a  "G.  E.  M."  lamp  filament  differ  from  the 
ordinary  carbon  filament?  What  are  its  advantages?  What  are  the 
efficiencies  of  these  two  filaments? 

13.  What  are  the  objections  to  a  carbon  filament?  Is  it  possible  to  in- 
crease the  efficiency  of  a  carbon  filament  lamp?  What  must  be  sacrificed 
ill  order  to  do  this?  What  is  the  approximate  life  of  a  carbon  filanjent 
lamp?  When  does  it  become  more  economical  to  throw  away  a  lamp 
rather  than  continue  its  use? 

14.  Why  does  a  tantalum  lamp  develop  a  higher  efficiency  than  a  carbon 
lamp?  About  what  efficiency  does  the  tantalum  lamp  develop?  What  is 
the  average  life  of  such  a  lamp?  What  is  its  peculiarity  when  used  with 
alternating  current? 

16.  Why  is  tungsten  particularly  well-adapted  to  being  used  for  lamp 
filaments?  What  is  the  difference  tetween  a  drawn  and  a  pressed  ffiament? 
Compare  the  two.  What  are  the  approximate  efficiencies  of  ''Mazda" 
lamps?  What  is  the  guaranteed  life  of  such  a  lamp?  Why  does  the 
tungsten  lamp  take  an  excessive  current  when  it  is  first  switched  on? 

16.  What  factor  hmlts  the  operating  temperature  of  the  vacuum  tungsten 
lamp?  What  two  effects  are  produced?  How  may  one  of  these  factors 
be  minimized? 

17.  What  is  the  basic  principle  of  the  gaa-filled  lamp?  Why  is  an  inert 
gas  necessary?  Why  does  this  type  of  lamp  have  a  long  narrow  neck? 
Why  does  the  filament  differ  in  shape  from  that  of  the  vacuum  lamp? 
Why  are  the  efficiencies  higher  in  the  larger  units?  How  may  daylight  be 
approximated  with  these  lamps? 

18.  What  is  the  basic  principle  of  the  arc  light?  Why  is  the  arc  a  high- 
efficiency  illuminant?  What  is  the  reason  that  the  arc  itself  cannot  be 
connected  directly  across  the  line?  What  is  the  "ballast"  and  approxi- 
mately what  jiercentage  of  the  power  is  lost  in  the  ballast? 

19.  Wliat  is  the  principal  source  of  light  in  the  direct-current  arc? 
What  determines  the  relative  positions  of  the  two  electrodes?  Which  is 
consumed  the  faster? 

20.  Compare  the  alternating-current  arc  with  the  direct-current  arc. 
Why  is  a  reflector  very  desirable  in  the  alternating-current  lamp?  What 
advantage  has  the  alternating-current  multiple  arc  over  the  direct-current 
multiple  arc? 

21.  Wliat  is  the  effect  of  enclosing  the  arc  upon  its  efficiency  and  upon  the 
cost  of  operation?  What  are  the  advantages  of  the  enclosed  arc  over  the 
open  arc?     Where  are  open  direct-current  arcs  now  commonly  used? 
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22.  Distinguish  between  s,  series  arc  aiid  a  multiple  arc.  Upon  wbai 
does  the  series  arc  depend  for  its  regulation?  What  is  the  object  of  the 
series  coil?  The  cut-out  switch?  Describe  the  operation  of  the  lamp  od 
starting. 

23.  Upon  what  factor  does  the  regulation  of  a  multiple  arc  depend? 
Why  are  the  carbons  touching  when  the  lamp  is  not  in  operation?  Why 
arc  dashpots  used  in  lamp  regulating  mechanisms? 

24.  In  what  way  does  the  flame  arc  differ  from  the  ordinary  direct-cmrent 
arc  as  regurds  the  light  source?  How  may  the  color  of  the  light  be  con- 
trolled?    Why  are  the  electrodes  consumed  very  rapidly  in  this  type  of 

26,  Give  one  reason  why  both  electrodes  feed  from  above  in  the  open 
flame  arc.  How  is  the  arc  flame  kept  burning  in  the  proper  position? 
Why  is  this  type  of  lamp  used  abroad  more  than  in  this  country?  How  does 
the  efficiency  of  this  lamp  compare  with  that  of  other  illuminantB? 

26.  How  has  the  electrode  life  of  the  flame  arc  been  increased?  How 
the  efficiency  of  this  type  of  lamp  compare  with  that  of  the  previous 
Name  one  good  feature  of  the  flame  arc. 

27.  Of  what  materials  do  the  positive  and  negative  electrodes  in  the 
magnetite  arc  consist?     Why  must  the  copper  always  be  the  anode? 

In  general  how  does  the  regulation  of  this  type  of  lamp  differ  from  that  of 
other  arcs?  Why  is  it  different?  Wiat  is  the  number  of  hours  that  the 
lamp  bums  per  trim?  What  is  the  efficiency  of  the  4.i-amp.  arc?  Of  the 
6,6-amp.  arc? 

28.  What  is  the  principle  of  the  mercury  arc?  To  what  is  the  light  due? 
What  is  the  color  effect  produced  by  this  type  of  illuminant?  Is  it  injurious? 
What  is  its  physiological  effect?  How  may  the  illumination  be 
pleasing  when  these  lights  are  used?     What  is  the  efficiency  of  this  type  ol 

25.  What  is  the  source  of  light  in  the  Moore  tube?  What  are  its  adi 
tagea?     Why  are  these  tubes  not  in  more  common  use? 

30.  What  is  the  principle  of  the  Nemst  lamp?  What  can  be  said  of; 
light  and  its  efficiehcy?     Why  is  it  not  in  common  use? 

31.  Why  are  there  excellent  opportunities  for  jtill  further 
efficiencies  of  ilium inants? 

32.  What  is  photometry?  In  what  way  are  the  measurements  general 
made?     Name  a  very  marked  source  of  error  in  photometric  measurements. 

33.  Upon  what  principle  is  the  Bunsen  photometer  screen  based?  How 
is  the  position  of  balance  determined?  How  is  the  candlepower  calculated 
after  a  balance  has  been  obtained  ? 

34.  Wliy  is  a  candle  itself  seldom  used  at  the  present  time  as  a  working 
photometric  standard?  What  are  used  as  standards?  Sketch  the  con- 
nections which  facilitate  voltage  adjustment  when  a  photometric  meaaure- 
ment  is  being  made. 

36.  How  is  the  position  of  balance  determined  when  a  Lununer-Brodl 
photometer  screen  is  used  ?  How  may  errors  due  to  differences  in  the  wl 
screens  be  eliminated? 
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36.  Where  is  the  use  of  a  portable  photometer  often  necessary?  In 
whut  way  do  portable  photometers  resemble  the  laboratory  type?  How 
do  they  differ? 

37.  What  is  the  standard  in  the  Sharp-Millar  photometer?  In  what 
way  is  the  standard  accurately  adjusted?  How  is  brightness  or  illumination 
measured?  How  is  the  candlepower  of  a  lamp  measured?  How  is  a 
balance  obtained  and  read?  How  may  the  range  of  the  instrument  be 
greatly  increased? 

38.  How  is  the  mean  horiiontal  candlepower  of  a  lamp  determined  with 
one  photometer  setting?  How  may  the  candlepower  in  other  ames  be 
measured  in  a  similar  manner?  How  docs  the  candlepower  in  a  vertical 
direction  of  an  incandescent  lamp  compare  with  that  in  the  horizontal 
direction? 

39.  Sketch  the  Rousseau  diagram,  showing  how  the  mean  spherical 
candlepower  may  be  determined  from  the  polar  distribution  diagram.  What 
is  meant  by  "spherical  reduction  factor?"  Of  what  use  is  a  knowledge 
of  its  value? 

40.  Why  are  reflectors  useful  even  although  they  absorb  a  considerable 
amount  of  light?  Whenmay  it  be  desirable  to  throw  light  upward?  Down- 
ward?   How  is  this  accomplished? 

41.  What  are  the  illuminants  most  generally  used  in  interior  iUumina- 
tion?  What  important  factors  must  be  considered  when  illuminating  an 
interior? 

42.  What  illumination  is  required  for  reading,  writing,  etc.?  When 
should  such  illumination  be  furnished  entirely  by  overhead  fixtures?  By 
individual  desk  lamps? 

43.  When  a  room  is  to  be  illuminated  by  a  single  unit  how  should  the 
reflector  differ  from  those  required  when  a  number  of  units  are  used? 

44.  What  is  indirect  lighting?  What  is  its  chief  advantage?  What  are 
its  disadvantages?  How  are  these  disadvantages  overcome  by  the  use 
of  semi-indirect  fixtures? 

46.  Where  are  individual  lamps  required  in  factory  illumination?  How 
do  overhead  belta  and  traveling  cranes  affect  the  placing  of  the  lighting 

46.  In  what  way  dons  street  illumination  differ  from  interior  illumination.? 
How  do  the  lighting  intensities  compare  in  the  two  cases?  What  can  be 
said  of  reflected  light  in  comparing  the  two? 

47.  Why  may  uniform  street  illumination  be  objectionable?  Where  is 
street  lighting  of  uniform  intensity  used?  Why  is  its  use  considered  good 
engineering  under  these  conditions? 

48.  How  does  the  road  surface  assist  in  illumination?  What  is  meant 
by  "specular  reflection?"  How  does  automobile  Iraffic  affect  street 
illumination  problems?  How  may  the  improper  placing  of  lights  on  curves, 
etc.  be  the  cause  of  accidents? 

49.  What  is  meant  by  "flood  lighting"  and  where  is  this  type  of  illumi- 
nation used  ? 
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radius  of  2  ft.     (a)  How  many  steradians  o 

I  of  4  sq.  ft.  on  its  surface  aubtcnd?     (ft)  5  aq.  ft,^ 

157  for  a  sphere  whose  radius  is  3  ft. 
las  a  mean  spherical  intensity  of  40  candles. 


167.  A  s 
solid  angles  n'ill  an  an 

168.  Repeat  problcn 

169.  A  light  source 
many  liiciena  does  it  ei 

160.  A  light  source  has  a  mean  spherical  intensity  of  40  candles,  (a) 
How  many  lumens  will  fall  on  the  inside  surface  of  a  sphere  of  2  ft.  radius 
having  the  tight  source  at  its  center,  assuming  that  the  light  radiates  with 
equal  intensity  in  all  directions.  (6)  How  many  lumens  will  tall  on  an 
are  of  4  aq.  ft.  on  this  surface? 

161.  Determine  the  iUuiuination  in  foot-candles  in  (a)  and  (6),  problem 
160. 

182.  A  certain  lamp  is  equipped  with  a  reflector  which  sends  all  the 
light  into  the  lower  hemisphere.  This  light  has  a  mean  lower  hemispherical 
candlepower  of  200.     How  much  light  flux  (in  lumens)  does  this  lampemitT 

163.  The  candlepower  of  the  lamp  in  problem  162  at  a  45°  angle  ' 
What  is  the  illumination  in  foot-candles  on  a  surface  10  ft.  from  this  li 
when  the  surface  is  perpendicular  to  the  direction  of  the  Ught? 

164.  A  certain  lamp  placed  25  ft.  above  the  street  has  an  intensity  of  4 
candlepower  in  a  vertically  downward  direction.  What  ia  the  illuminatji 
on  the  street  directly  below  the  lamp? 

166.  What  does  the  illumination  in  problem  164  become  if  the  li 
raised  5  ft.  7 

166.  A  nitrogen -filled  lamp  has  a  rating  of  110  m.s.cp.     If  it  takes  0.^ 
amp.  at  110  volts,  what  is  its  efficiency  in  watts  per  mean  spherical  c. 
power?     In  lumens  per  watt? 

167.  A  tungsten  vacuum  lamp  takes  0.52  amp.  at  115  voltfl  and  is  rated 
at  60  m.h.cp.  What  is  the  efficiency  in  watts  per  mean  horizontal  candle- 
power?     In  lumens  per  watt  it  the  spherical  reduction  factor  is  0.75? 

168.  One-hundred    watt   tungsten   vacuum   lamps   are   furnished    by  i 
lighting  company  at  20  cts.  each.     Seventy-five  watt  gas-filled  lajD 
supplied  at  50  eta.  each.     Assuming  that  the  candlepower  of  each  li 
tically  the  same  and  that  energ>'  costs  8  cts.  per  kw.-hr.,  how  many  b 
must  the  lamps  burn  Iwfore  the  total  cost  of  the  t' 

169.  Assuming  that  each  lamp  of  problem  168  has  a  life  of  1.000  fa 
at  what  cost  of  energy  per  kilowatt  hour  will  the  total  cost  of  the  lampa  B 
equal? 

170.  In  a  series  direct-current  open-arc  lamp  the  arc  itself  takes  450  W 
and  the  current  is  9.6  amp.     The  mean  spherical  candlepower  is  4 
the  maximum  eundleiwwer  in  an  obliquely  downwards  direction  (a 
383,  page  42fi)  is  1,200  ep.     (a)  What  is  the  efficiency  in  watts  per  n 
spherical  candlepower?     (6)  lii  lumens  per  watt? 

171.  Repeat  problem  170,  giving  (a)  and  (b)  when  the  arc  Umtp  is  suppB* 
from  116-volt  multiple  n: 
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172.  A  multiple,  direct-current,  115-voIt,  enclosed  arc  takes  550  watts  at 
115  volts  and  hus  a  mnan  spherical  caiidlepowor  of  165.  (a)  Whiit  is 
the  efficiency  in  watte  per  mean  spherical  candlepower?  (6)  In  lumena 
per  watt? 

173.  A  Beriee,  direct-current,  6.6-amp.,  enclosed  arc  lamp  requires 
495  watts  and  ha^  a  mean  spherical  candlepower  of  270.  (a)  What  is  ite 
rating  in  watts  per  mean  spherical  candlepower?  (6)  In  lumens  per  watt? 
Compare  this  efficiency  with  that  of  the  arc  lamp  of  problem  172,  which  is 
similar.     Account  for  the  difference. 

174.  A  series,  altemntinn-current,  6.6-amp.,  en  closed-carbon,  arc  lamp 
takes  430  watts  at  a  power-factor  of  0,85,  and  gives  a  mean  spherical  candle- 
power  of  135.  The  arc  itself  takes  420  watts,  and  the  arc  current  and  the 
arc  voltage  are  substantially  in  phase  with  each  other,  (a)  What  is  the 
efficiency  of  the  entire  lamp  in  watts  per  mean  spherical  candlepower? 
(6)  In  lumens  per  watt?  (c)  What  is  the  voltage  across  the  arc?  (d)  Draw 
to  scale  a  vector  diagram,  (e)  Why  is  the  power-factor  of  this  lamp  Ichh 
than  unity? 

176.  A  multiple  alternating-current  arc  which  takes  0.54  amp.  at  115 
volts  and  a  power-factor  of  0.70,  has  a  mean  spherical  candlepower  of  145. 
(a)  What  is  the  efficiency  of  this  lamp  in  watts  per  mean  spherical  candle- 
power?  (6)  In  lumens  per  watt?  (c)  The  voltage  across  the  arc  is  70 
volts  and  is  substantially  in  phase  with  the  current.  Draw  a  vector  diagram 
of  this  arc.  {d)  How  much  power  ia  consumed  by  the  auxiliary  devices? 
(e)  Compare  this  power  with  similar  power  consumed  in  the  direct-current, 
multiple  arc  lamp.     (See  problems  170,  171  and  172.) 

178.  A  series  magnetite  lamp  takes  6.6  amp.  at  75  volts  and  has  a  rating 
of  550  m.s.cp.  What  is  the  efficiency  in  watts  per  mean  spherical  candle- 
power?    Lumens  per  watt? 

177.  Assume  that  a  lamp  similar  to  that  of  problem  176  is  arranged  to 
go  ill  multiple  across  110-volt  direct-current  mains,  and  that  the  arc  itself 
takes  the  same  volts  and  the  same  watts  and  has  the  same  candle-power. 
What  ia  the  over-all  light  efficiency  of  this  lamp  in  lumens  per  watt? 

178.  A  lamp  trimmer  receiving  83.70  iwr  day  can  trim  75-500-watt  magne- 
tite lamps  in  that  time.  Allowing  1.1  cts.  per  kilowatt  hour  for  energy, 
120  buminn  hours  per  trim,  10  cts.  per  electrode  and  $51.00  per  year 
maintenance,  compute  the  approximate  operating  cost  per  j^ar  of  such  a 
lamp  assuming  that  a  lamp  is  in  service  4,000  hr.  during  that  time. 

179.  In  a  photometric  measurement  the  standard  lamp  has  a  candlepower 
of  15  and  the  photometric  balance  ia  obtained  when  the  photometer  screen 
is  40  in,  from  the  standard  lamp  and  80  in.  from  the  test  lamp.  What  is 
the  candlepOH-er  of  the  test  lamp? 

180.  Compute  the  candlepower  of  another  test  lamp  in  problem  179  when 
the  screen  is  20  in.  from  the  standard  lamp.  The  distance  between  the 
standard  and  test  lamps  is  the  same  in  each  case, 

181.  The  test  lamp  in  problem  179  has  a  spherical  reduction  factor  of 
0.82.  What  is  its  mean  spherical  candlepower  and  what  is  its  output  in 
lumens? 
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18i.  Find  the  mean  spherical  candlepower  and  the  output  in  lumens  of 
the  lamp  in  problem  180  if  it  has  a  spherical  reduction  factor  of  0.82. 

185.  If  the  lamp  of  problem  182  is  equipped  with  a  reflector  which 
absorbs  25  per  cent,  of  the  light  emitted  b^-  the  source,  determine  the  mean 
spherical  candlepower  and  the  lamp  output  in  lumens. 

184.  A  lamp  is  tested  for  candlepower  and  the  polar  and  Rousseau  dia- 
grams are  plotted.  The  area  of  the  Rousseau  diagram  is  14.2  sq.  in.  and  the 
base  is  6  in.  The  scale  on  the  polar  diagram  is  20  candlepower  =  1  in. 
\lliat  is  the  mean  spherical  candlepower  and  the  output  of  the  lamp  in 
lumens? 

186.  If  the  90"*  radius  problem  184  (see  Fig.  396,  page  440)  is  3  in.  and 
represents  the  mean  horizontal  candlepower  of  the  lamp,  what  is  the  sphe> 
ical  reduction  factor  of  the  lamp? 
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A 

Alternating-current,  volt,  definition 
of,  14 

Absorption  of  light,  418 

watthour  meter,  63 

Addition,  of  currenia,  16 

Alternation,  6 

by  use  of  vectors,  19 

Alternator,  99 

of  vectors,  12 

armature,  reactance  of,  129 

reaction  of,  132 

meter,  67 

resistance  of,  130 

A.  I.  E.  E.  method  of  determin 

mg 

breadth  factor  of,  121 

alternator  regulation, 

159 

construction,  111 

Air-break  switches,  408 

armature  or  stator.  111 

Air-cooled  transformer,  202 

rotating-field  structure,  115 

Air-gap  of  induction  motors,  258 

electromotive  force,  method  of 

Alternating-current,  1 

determining  regulation 

ampere,  definition  of,  8 

of,  142 

cinniita,  25 

vector  diagram  for,  146 

capacitance  alone,  29 

wave,  124 

inductance  alone,  26 

flux  distribution,  123 

natural  frequency,  39 

generated   electromotive   force. 

parallel  resonance,  41 

120 

resistance,  alone,  25 

effect  of  breadth  factor 

on,  121 

inductance    m   series  with, 

of  pitch  factor  on,  121 

33 

hunting,  171 

mductance  and  capacitance 

leakage  flux,  129 

in  parallel  with,  40 

parallel  operation  of,  163 

in  series  with,  36 

phasing  windings  of,  125 

aeries  resonance,  38 

pitch  factor  of,  122 

vector  diagrams,  36, 40,  46 

48 

rating,  126 

instrumente,  51 

reactance,  armature,  129 

electro-dynanometer  type 

51 

reaction,  armature,  132 

ammeter,  55 

regulation,  128,  141 

inclined  coil,  54 

A.  I.  E.  E.  method  of  detei^ 

indicating,  52 

mining,  159 

Siemens,  51 

magnetomotive  force  method 

wattmeter,  55 

of  detcrminmg,  155 

liot-wh'e  type,  63 

vector  diagram,  155,  157 

iron-vane  type,  61 

synchronous      impedance 

ammeters,  63 

method  of  determining. 

voltmeters,  61 

142 

power,  22 

vector  diagram,  146 

efFect  of  phase  relations  on 

23 

rotating  field  due  to,  227 

rotating-field  type,  99                        4 
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Alternator,  synchro 
147 


Armature,  impedar 
147 


:e,  147 
winding,  100 
amortisseur,  118 
barrel,  101,  104 
chain,  101 

fractional-pitch,  109 
general  principles,  100 
siagle-phaae,  101 
half-coil,  101 
single-range,  104 
whole- coil,  101 
spiral,  101,  103 
three-phase,  106 
two-phase,  104 
lap,  106 
two-range,  104 
Aluminum  cell  lightning  arrester,  39S 
Ammeters,  alternating-current,  55,  S3 
Amortisseur  winding,  alternator,  IIS 
synchronous,  converter,  374 
motor,  318 
Ampere,  alternating-current,  8 
average  value,  10 
eSective  value,  10 
heating  value,  0  , 
root-mean-square  value,  10 
Ampere-tuma  of  transformer,  175 
Angular  velocity  of  rotating  vector, 

11 
Apparent  watts  in  altomating-curcnt 

circuit,  24 
Arc  lamps,  425 

alternating-current,  427 
ballast,  426 
carbon,  426 
direc^current,  425 
enclosed,  427 
flame,  429 
magnetite,  431 
mercury,  433 
metallic  electrode,  431 
regulation,  428,  432 
Armature,  alternator.  111 


k 


111 

,  137 


ictance,  leakage,  129 
synchronous,  147 
reaction,  alternator,  132 

effect  of  power-factor,  U 
synchronous,  converter,  33 
molflr,  311 
lagging  current,  312 
leading  current,  311 
resistance,  130 
Arresters    (see   Lightning  arreatct 

395 
Artificially-cooled  transformers,  3 
Asynchronous  generator,  265 

conditions    necessary  i 
operation,  266 
Automatic  sub-stations,  411 
Auto-starters,  250 

-transformer,  206 
Average  value  of  altemating-curtt 
ampere,  10 


Barrel  winding,  101 
Breadth  factor,  121 

lable  for  typical  windings,  I2S 

Break-down     torque     of     induetioi 

motor,  246 

effect    of    machine  oonstftltb 

1,247 


Brightness,  unit  of,  418 
Bunsen  photometer,  436 


Calibration,  of  induction 
meter,  67 
of  wattmeter,  61 
CandLepower,  definition  of,  413 
Capacitance,     altemating-c  u  rren  t 
circuits  containing,  29,  34, 
36,  40 
single-phase   tranemisaton   line. 
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Converter    (see    Synchronous    con- 

Chain winding,  101 

verter),  342 

Characleristiea,  alternator,  160 

Core  loss  of  transformer,  189 

■           repulsion  motor,  292 

Core-type  transformer,  196 

^B        series,  single-phase  railway 

Corona,  393 

■                 motor,  » 

Cosines,  table  of,  458 

^T       Hquirrel-caRe  induction   motor, 

Cotangents,  table  of,  460 

243 

Current  transformer,  221 

transformer,  193 

Currents,  addition  of,  16 

Charginfc  current,  383,  466 

polygon  of,  48 

Choke  coils,  401 

ratios   in    a  synchronous   con- 

Circle diagram  for  induction  motor. 

verter,  348                                    < 

270 

Cycle,  5 

Circular  measure,  453 

D 

circuitH),  25 

Damper   winding,   for   Bynchronoua 

Coefficient  of  reflection,  41S 

converter,  374 

Commercial  frequencies  for  lighting 

for  synchronous  motor.  318 

and  power,  8 

■  "  Dark  lamp  "  method  of  synchroniz- 

ing  alternators,  169 

Commutation,  series  motor,  single- 

Delta-connection,  three-phase,  S3 

phase,  283 

line  currents,  voltages,  85 

phase  currents,  voltages,  85 

Compensated  repulsion  motor,  291, 

power,  86 

303 

transformers,  212 

series  motor,  281 

Direct-current     from      alternating- 

Compensators,  208 

current     (see     Rectifies), 

for  starting  squirrel-cage  induc- 

333 

tion  motors,  250 

Direct   synchronous   converter   (see 

Synchronous  converter), 

ous  motor,  318 

343 

Concatenation  of  induction  motors. 

Distributed  field  winding  of  alter- 

262 

nator,  120 

Distribution,  of  light,  419 

30 

voltages,  379 

Double-current  generator,  343 

converter  armature,  351 

Double,-delta  connection  of  trans- 

Connections of  transformers,  211 

formers,  367 

delta,  212 

-Y  connection  of  transformers, 

open  delta,  213 

365 

Scott,  214 

Dynamometer- type  instrumenle,  51 

T-connection,  214 

ammeters,  55 

V-oonnection,  213 

Y-connection,  211 

indicating,  52 

Constanl^current     transformer. 

polyphase  wattmeter,  69 

217 

single-pliaso  watt.metar,  65 

r"~"' 
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r 
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1 

E 

Foot-candle,  416                                   ' 
Form  factor.  10 

■ 

BSective,    resiHtance    of    alternator 

Four-phase  system,  93                         .i 

armature,  130 

Fractional-pi teh  winding,  109 

value    ot    alternatinR-current 

Frequency,  calculation  of,  7 

ampere,  10 

changers,  331 

Efficiency  of  transformers,  193 

Electric  propulflion,  330 

definition  of,  5 

indicators,  68 

51 

in  rotor  of  induction  motor,  2S 

ammeter,  55 

measurement,  68 

voltmeter,  53 

natural   value   for   altematjn) 

wattmeter,  55 

current  circuit,  39 

Electrolytic  rectifier,  341 

table  for  various   numbers 

poles  and  speeds,  7 

alternator,  120 

effect,  of  breadth  faetoron,  121 

G 

• 

of  pitch  factor  on,  122 

wave  shape  of,  124 

Gaa-filled  Mazda  lamps,  423 

induced,   in   rotor  of  induction 

ratings  of,  424 

motor,  236 

G.  E.  M.  lamp,  421 

in  transformer,  173 

Generated    electromotive    force 

method  of  calculating  regulation 

alternator.    120 

of  alternator,  142' 

Generation,  of  sine  wave,  3 

Enclosed  arc  lamp,  427 

of  three-phase  currents,  79 

End-rings,  241 

Graphical  construction  of  sine  wbti 

Energy,  component  ot  current,  48 

4 

in  Bynchronoua  motor,  323 
meaaureraent,  83 
Equation   of  sine   wave  of   current 

H 

Half-coil  winding,  101                   j 

orvoltBRe,  U 

Harmonics  in  converter  arm&tin 

Equivalent,  reactance  ot  transformer, 

365 

184 

resistance  of  tranaformer,  184 

ampere,  9 

Exciting  current  of  transformer,  176 

High- voltage  measurementa,  220 
Horn-gap  hghtning  arreaters,  397 

P 

Hot-wire  instruments,  63 
H-type  transformer,  198 

Factory  lighting,  447 

Hunting,  of  aJtematora,  171 

Field  structure  of  alternator,  115 

of  synchronous  converters,  SI 

Flame  arc  lamps,  429 

of  synchronous  motors,  318 

Flexible  towers,  405 

"Floating"  neutral,  211 

I 

Flood  lighting,  450 

Flux,  distribution  in  alternator,  123 

Illumination,  413,  416 

in  single-phase  induction  motor, 

indirect,  446 

292 

intensity  of,  415          ^^^^^| 
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law  of  inverse  Hquarea  as  applied 

tion  of  rotation  of,  234 

to,  417 

rotating  field  of,  227 

L          measurenient  of,  435 

drum-wound  machine,  231 

■           Bemi-indirect,  447 

method  of  reversing  dirpc- 

P            unit  of,  415 

tion  of,  234 

■    Impedance,  definition  of,  33 

three-phiise    Gramme-ring 

drop  in  alternator  armature,  137 

winding,  230 

two-phase       Gramme-ring 

former,  187 

winding,  228 

in  alternating,  current  circuits, 

rotor  frequency  of,  236 

33 

single-phase  (see  Single-phase 

synchronous,  147 

motors),  292 

slip,  definition  of,  226 

I   Incandescent  lamps,  420 

measurement  of,  273 

B           carbon  filament,  420 

speed  control,  258 

1          effect    of   voltage  variations 

change  of  Dumber  of  poles,      . 

■              on,  424 

261 

1           gas-filled,  Mazda  Type  C,  423 

change  of  slip,  259 

1           nitrogen  fiiled,  423 

concatenation,  202 

r            tantalum  filament,  421 

frequency  change,  261 

Seherbiua  method,  259 

Inclined-coil  instruments,  54 

squirrel-cage  type,  241 

Indicating  electro-dyoamomet«r,  52 

applications,  248 

Indirect  lighting,  446 

break-down  torque,  245 

Induced  electromotive  force,  inlater- 

effect  of  reactance  on,  247 

nator,  120 

effect  of  resistance  on,  247 

induction  motor  rotor,  23t> 

effect  of  voltage  on,  247 

transformer,  173 

disadvantages  of,  245 

Inductance,    in    alternating-current 

effect   of    load    on    power- 

circuils,  29,  32,  36,  40 

factor  of,  244 

Induction,  generator,  265 

operating  oharacteriatica  of. 

operation,  266 

243 

used  for  regenerative  braking, 

starting  of,  249 

269 

starting  torque  of,  246 

■           motor,  225 

effect  of  frequency  on,  248 

■                air-gap  of,  258 

torque,  effect  of  slip  on,  245 

■              circle  diagram  for,  270 

effectof  voltage  on,  246 

f              concatenation  of,  262 

synchronous  speed  of,  235 

effect   of  rotor  resiatance  on 

torque  of,  237 

slip,  253 

effect  of  Blip  on,  238 

induced   electromotive   force 

used  as  phase  converter,  300 

in  rotor,  236 

wound-rotor  type,  253 

polyphase   machine   used    as 

single  phase  machine,  296 

comparison  with  aquirrel- 

power-factor  of,  244 

cage,  256 

principle  of,  225 

disadvantages,  255 
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Induction,    motor,    wound-rotor 

Lamps,  are  {see  Arc  lamps),  42G 

type,  effect  ot  rotor  re- 

incandescent, 420 

sistance  on  slip  of,  253 

carbon  filament,  420 

efficiency  of,  254 

effect  of  voitage  on,  424 

speed  control  of,  254 

gas-filled,  423 

stArfinii;  of,  255 

nitrogen-filled,  423 

regulator,  2T5 

tantalum  filament,  421 

tungsten  filament.  421 

verier,  359 

Muzda,  Type  A,  422 

watthour  meter,  63 

Tj-pe  B,  422 

adjustment  and  calibration. 

Type  C,  423 

67 

ratings  of,  424 

"ovetahooting"  of,  422 

64 

Lap  winding,  106 

gliding  field,  65 

Law  of  inverae  squares  applied  i 

"shaded-pole."  64 

illumination,  417 

Inductive  reactance,  definition  of,  28 

Lead,  definiUon  of,  15 

Industrial    applications,     induction 

Leakage,  flux  of  alternator  annatuft 

motor,  248,  256 

129 

synchnmoua  motor,  329 

effect  of  slot  si«  on,  129 

electric  propulsion,  330 

flus  of  transformer,  178 

frequency-changer  seta.  331 

Instniment  transformets,  220 

Light,  distribution,  419 

current,  221 

fiux.  414 

potential,  221 

sources,  420 

Instruments  for  alternating-current 

for,  8 

Insulators  for  transmissioa  lines.  401 

Lightning  arresters,  395 

glass,  401 

aluminum  cell,  398 

link  type,  403 

palented  compounds,  402 

naultigap,  395 

pin-type,  401 

Unk-type  insulators,  403     ^^^^^H 

porcelain.  402 

Logarithms,  table  oi,  409  ^^^^^| 

Intensity  of  illumination.  415 

Luminescence,  420            ^^^^^^H 

^            Interior  lighting,  444 

K            Interpoles  on  converters.  369 

intensity,  416                              ^H 

^M            Inverted     synchronous      converter, 
^                             ^44.367 

Iron- vane  instrumoils,  61 

anit  of,  416                            _^^ 
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.1 

%-olt  meters,  61 

L 

Uagnetite  are.  decrtrada^^^^^H 

regulation  of,  43a^^^^H 

I^g.  definitkui  of,  15 

■             Lajnl»ert,  definition.  418 

ire              ^^^^^1 

m 

1 

^Magnetomotive    force    method    of 

0 

H                      determining      alternator 

■                        regulation,  155 

Ohm,  definition  of,  14 

effect  of  saturation  on,  158 

Oil,  -cooled  transformere,  199,  202 

switches,  408 

vector  diagram  of,  155,  157 

Open-circuit  test,  of  alternator,  151 
of  transformer,  189 

Mazda  lamps,  421 

Type  A,  Type  B,  422 

Open-<lelta    connection    of    trans- 

Type C,  423 

formers,  213 

Mean  apherica!  candlepower,  415 

"Optimistic"  method  of  determining 

Meaaurements,  51 

alternator  regulation,  158 

current,  51,  55,  63 

Ornamental  poles,  443 

energy,  63 

Oscillograph,  72 

frequency,  68 

"Overshooting"  of  tungsten  lamps. 

high  voltages,  220 

422 

power,  55 

power-factor,  69 

P 

slip,  273,  275 

synchronism,  71,  169 

Parallel,   circuits    (see   Alternating- 

voltage,  52,  53,  54,  61,  220 

current  circuits),  40 

wave  shape,  72 

operation  of  alternators,   163 

Mechanical  rectifiers,  334 

effect  of  field  excitation  on. 

Mercury-aro,  lamp,  433 

164,  167 

rectifier,  336 

speed- bad        character- 

used   with    constant-current 

istics  of  prime  movers, 

transformer,  219 

165 

Metallic-electrode  arc  lamp,  431 

method  of  shifting  load,  164 

Moore  tube,  434 

synchronizing,  198 

Motor,     induction     (sec     Induction 

synchronizing  current,   166 

motors),  226 

operation   of  synchronous  con- 

single-phase   (see    Single-phftae 

verters,  373 

motors),  279 

resonance,  41 

synchronous    (see   Synchronous 

motors),  305 

ing   alternator   regulation, 

142 

Multigap  lightjiing  arrester,  395 

300 

N 

Phase  relations,  14 

difference  of,  15 

Natural    frequency    of    alternating- 

effect  on  power,  23 

current  circuit,  39 

Phasing,  windings  of  alternator,  125 

Nemst  lamp,  434 

transformers,  213 

Photometers.  436 

423 

Buuscn,  435 

Norfolk  &  Western  Railway  phase 

convertera,  302 

portable,  43S 

Sharp-Millar,  438                                      ' 

Notation,  symbolic,  77 

ft            ^HD 
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Q 

■            Pin-type  inaulatore,  ^01 

V            Pitcb  Factor,  122 

Quadrature   component  of  current 

Polarity  of  synchronous  converter, 

49,  323 

370 

Quarter-phase  system,  93 

methods  of  reversine,  371 

Poles  for  tranamission  systetna,  403 

R 

^            Polygon,  of  currents,  48 

■                  of  voltnges.  43 

Range  of  alternator  winding,  104 

^H           Polyphase,  coavcrters,  344 

Rating  of  alternators,  127 

^L                 syateras,  76 

Reactance,  oondensive,  30 

^H                       comparat[ve        ratings        of 

due  to  leakage  flux  of  tranft 

^H                           tnac-hinea  for,  76 

former,  178 

^H                     generation  of  power  for,  79 

^H                       three-phase,  79 

184 

^H                       two-phase ,  93 

■                     u...,  76 

of  alternator  armature,  129 

■^  '              wattmeter,  59 

380 

Potential  transformer,  221 

synchronous,  147 

Power,  altematinB-current,  22 

table  of  values  for  transniisfioa 

effect  of  phase  relalioiis  on, 

line,  465 

23 

eommerical  frequeocies  for,  S 

382 

-factor,  24 

Reaction,   armature,   of    alternatD 

correction  of,  with  synchron- 

132 

ous  condenser,  322 

of  synchronous,  converter,  356 

with    synchronous    motor, 

motor,  311 

324 

Rectifiers,  333 

definition  of,  24 

commutating,  334 

diagram    for    two-wattmeter 

electrolytic,  341 

method,  92 

mercury-arc,  336 

indicatora,  69 

Tungar,  338 

three-phaae,  71 

vibrating,  334 

in  three-phase  Hyatfims,  S3 

ReflectoiB,  442 

in  delta  syatenie,  86 

Refractors,  442 

in  Y  systems.  82 

adulation  of  alternator,  128;  Ul 

measurement,  55 

A.  1.  E.  E.  method  of  determi 

in  three-phase  systems,  87 

ing,  159 

three   wattmeter    method, 

delta^onnect«d.  153 

87 

electromotive  force  method  1 

determining,  142 

Y-box,  88 

vector  diagram  of,  146 

in  two-phase  systems,  98 

magnetomofjve  force  method-( 

Primary  leakage  flux  of  transformer. 

determining,  155 

178 

vector  diagram  of,  165,  157 

^^^^^^^ 

^^^^^^^^^^^^^^^^^1 
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^■Segulation,   of  Itemator,  synchron- 

Rotor  of  induction  motor,  speed  of, 

H                   DUB   impedance   method  of 

232 

■                  determining,  142 

aquirrel-cage,  241 

H            vector  diagram  of,  U6 

wound,  253 

H           Y-coimected,  152 

with    nternal   starting    resis- 

W       of  transformer,  193 

tance,  257 

■  Regulator,  induction,  275 

Rousseau  diagram,  440 

TirriU,  161 

Repulsion-induction  (Rl)  motor,  303 

S 

Repulsion  motor,  286 

■            characteristicH  of,  292 

Salient  poles,  116 

■          compensating  field  of,  291 

Scalars,  12 

■         conditione  necessary  for  opcr:i- 

Scherbiua      method     of     induction- 

W             tion,  288 

motor  speed  control,  259 

direction  of  rotation  of,  290 

Scott-connection  of  transformers,  214 

effect   of   brush    position   on 

Secondary    leakage    flux    of    trans- 

tonjue, 290 

former,  179 

principle  of  operation,  287 

Section alizing  switch,  368 

sparking  of,  282 

Self-cooled  transformers,  199 

transformer  field  of,  291 

with  radiators  on  tank,  201 

with  tubular  tank,  200 

■           copper  wire,  464 

Series,  booster,  359 

H           effective  armature,  131 

circuits  (.see  Alternating-current 

B          equivalent  value  in  transformer. 

circuits),  25 

»                   184 

resonance  in,  38 

in   alternating-current   circuita, 

motor,  279 

25,  32,  34,  38,  40 

applications,  286 

Resonance,  parallel  circuit,  41 

armature  size  of,  281 

series  circuit,  38 

commutation  of,  283 

Root-mean-square  value  of  alternat- 

compensation   for    armature 

ing-current,  10 

reaction,  281 

determination       for      any- 

conductive,  282 

wave  shape,  10 

inductive,  282 

Rotating  field,  of  alternator,  99 

of  induction  motor,  227 

280 

reversal  of  direction   of, 

field  winding  of,  280 

234 

frequencies  for,  280 

drum  winding,  234 

vector  diagram  of,  284 

three-phase    ring    wind- 

Shaded   pole,    method    of    starting 

ing,  231 

single-phase     induction 

two-phase  ring  winding, 

motor,  298 

230 

on  induction  watthour  meter, 

structure  on  alternator,  115 

64 

Rotor  of  induction  motor,  231 

Sharp-MUlar  photometer,  438 

frequency  of  currents  in,  236 

Shell-type  transformer,  195 

induced  electromotive  force  in, 

Short-circuit  test,  of  alternator,  150 

236 

of  transformer,  191 

J 
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^B         Siemens  dynamometer,  51 

Single-phase  transmission  line,  i4 

■          eiemens-Halske    method   of  syn- 

actance  of,  380 

^m                        chroniiing  alternators,  170 

table  of,  465 

■          Silhouette,  seemg  at  night  by  means 

vector  diagram  tor,  388 

■                         of,  448 

^^            Simplified  vector  diagram  for  trans- 

tance,  391 

^L                        former,  1S2 

Single-phase  winding  of  altemaloi 

■         Sine  wave,  3 

101 

^H                       construction,  4,  5 

Single-range  winding,  104 

Slip,  definition  of,  235 

^f                           voltages,  11 

effect  of  rotor  resistance  on,  251 

H           Sinee,  table  of,  458 

measurement  of,  273,  275 

squirrel -cage  motor,  243 

^k                        induction,  292 

synchronous  speed,  235 

^H                           direction  of  rotation,  294 

Solid  angle,  414 

■                       fluxes  in,  292 

Specular  reflection,  449 

^H                       polyphase  mo  tor  used  as,  206 

Speed  control     f  induction  mot« 

^m                          reactions  in,  294 

258 

^M                          starting,  29(1 

change  of  number  of  poles,  26 

of  slip,  259 

■                            shaded-pole  method,  298 

concatenation,  262 

^1                               split-phase   method,   296 

frequency  change,  261 

H                                        auxiliary  poles,   206 

Scherbius  method,  259 

^H                                   three-phase  winding, 

Speed  of  synchronous  motor,  306 

^ft                                     298 

Spherical,  condlepower,  415 

^H                             torque,  298 

reduction  factor,  441 

Spiral  winding,  101 

^H                          Norfolk  and    Western 

Splits-pole  converter,  361 

^H                                 Railway,  302 

commutation  of,  362 

^^H                          three-phase  voltages  ob- 

Squirrel-cage  induction  motor  (hI 

^H                             tained  from,  301 

Induction  motor),  241 

^^H                          two-phase,  300 

Starting,  compensators,  250 

^B                        Wagner  Type  BA,  300 

induction  motors,  249,  255          1 

^^1                  repulsion        (see     Repulsion 

single-phase     induction    mo- 

^H                        motor),  286 

tors,  296 

^H                    repulsion-induction  (HI),  303 

synchronous,  converters,  368, 

^^1                        speed  Gharact«riBtic,  303 

372 

^^1                     starting  torque,  303 

motors,  320 

HV                    series  (see  Series  motor),  279 

^P                     unity  power-factor,  304 

245 

^^                          calculations  for,  387 

Steradian,  414 

^^^                      capacitance  of,  3S3 

Street  iUumination,  442 

^^B                       charging  current  of.  383 

Stroboscope,  273 

^^B                           table  of,  466 

Structures  tor  transmission  lines,  403 

^^H                    ''r  railway  electrification, 

^^^^                   378 

substations),  406 

^^^^^v^^~ 

^^^^^^^p                                 ^i^^H 

witches,  air-break,  408 

tions,  407                                            J 

oil,  409 

three-wire,  375                         _  ^^^J 

ymboEc  notation,  77 

voltage  control,  358             ^^^B 

j'nchroaizing,  alternators,  168 

field  control,    359              ^^H 

induction  regulator,  35Q  ^^^^ 

current,  166 

series  booster,  369             ^^H 

ynctronouB,  alternator  (see  Alter- 

senea reactance,  369        ^^^^| 

nator),  99 

split-pole,  361                   ^^H 

condenser  for  power-factor  regu- 

transformer tape,  360        ^^^^| 

lation,  322 

voltage  ratios,  346,  346        ^^^H 

converter,  342 

generator  (see  A[t«rnB,tor),  9ft^^^^| 

amortisaeur  winding,  374 

impedance,  147                        i^^H 

armature  reactjon  of,  356 

eommutating  poles,  358 

nalor   regulation,    142-165              ' 

commutation  of,  357 

incl. 

conductor  currents  of,  351 

motor,  305 

connections    of    transformers 

for,  364 

armature  reaction,  31! 

current  ratios,  348,  349,  350 

lagging  current,  312 
leading  current,  311 

direct,  343 

double-current  generator,  343 

experimental     determination 

damper  windings  for,  318 

of  operation,  364 

effect  of  loading  on,  306 

harmonica  in,  365 

field  excitation,  309.  312                    , 

hunting  of,  374 

hunting  of,  318                                        1 

inverted,  344,  307 

pftrslle!  operation  of,  373 

frequency  changers,  331 

polarity  of,  370 

propulsion,  330 

polyphase,  344 

small  sizes,  332 

principle  of,  342 

power-factor,  315 

rating,  355 

effect  of  field  excitation  on, 

effect  of  number  of  phases 

309                                                      ' 

on,  355 

principle  of  operation,  306                   j 

of  power-factor  on,   355 

salient  poles,  314                                     ' 

aectionalizing  switch  for,  368 

speed  of,  306 

slip-ring  taps,  345 

starting,  320 

slip-ringa,    number    required 

torque,  321 

for,  345 

voltage    induced    in    field 

sparking  of,  369 

during,  322 

aplit-pole,  361 

uses,  329 

starting,  by  auxiliary  motor, 

power-factor  correction,  324 

372 

voltage  regulator,  326 

from     allema  ting-current 

V-curves,  315 

side,  368 

vector      diagrams,       lagging 

from     direct-current    side, 

current,  313 

373 

leading  current,  311 
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^H           Synchronoua,  renotsnce,  147 

Transformer  connections,  211 

^H                  speed  of  induction  motors,  235 

converters,  364 

delta,  212 

diametrical,  365 

T 

double  delta,  366 

double-Y,  365  - 

Tangents,  table  of,  460 

open  delta,  213 

Tantalum  filament  lamps,  421 

Scott,  214 

T-connection  of  transformers,  214 

six-phaae  star,  366 

Teaser  transtonner,  215 

T,  214 

Three-phase,    current,    eeneratoin. 

V,  213 

79 

Y,  211 

delta-connection,  83 

7ig-aag  Y,  376 

power-factor  indicator,  71 

constantHSumint,  217 

with  mercury-arc  rectifier,  3lft 

rotating    field   of  induction 

cooling  of,  199 

motor,  230,  233 

water,  202 

core  loss,  190 

transformer,  203 

eddy  current,  189 

connections,  211 

hysteresis,  189 

core-type,  195 

calculations  for,  388 

current,  221 

capacitance  of,  386 

efficiency  of,  193 

reactance  of,  382 

equivalent,  reactance  of,  184 

unsymmetrical  spacing  of,  387 

resistance  of,  184 

winding,  106 

exciting  current  of,  176 

Y-connection,  80 

H-type,  198 

Three, -wattmeter  method  of  power, 

measurement,  87 

173 

-wire  converter,  375 

instrument,  220 

zig-aag  transformer  connec 

leakage,  fiux  of,  178 

tiona  for,  376 

reactance,  178 

Thury  system,  377 

magnetieing  current  of,  176 

Tirrill  regulator,  161 

open-circuit  teat  of,  189 

Torque  of  induction  motor,  237 

potential,  221 

break-down,  246 

principle  of,  172 

effect  of  slip  on,  23S,  245 

regulation  of,  193 

starting,  245 

relation  of  primary  and  aecOB 

Towers,  transmission,  405 

ary  currents,  177 

Transformer,  172 

shell-type,  195 

ampere-turns  of,  175 

short-circuit  lest,  191 

artificially  cooled,  202 

Bub-6tationa,  406 

auto-,  206 

three-phase,  203 

as  a  voltage  booaler,  210 

vector  diagram,  180 

obtaining  neutral   by   means 

simplified  diagram,  182 

of,  210 

compensator,  209 

I              connections,  211 

383 

n 

INDEX 

525       1 

Transmisaion      lines,     three-phase, 

Unsymmetrical     pacing     of     con-          | 

symmetrical  spacing,  386 

ductors     on     transmission           1 

chaining  current,  table  of,  466 

line,  387                                        1 

conatruetjon  of,  401 

corona,  393 

insulators  for,  401 

V-connection  uf  transformers,  213               | 

lightning  arresters  for,  396 

V-c 

r^-es  for  synchronous  motor,  315           1 

reactaaoe  of,  380 

Vector  diagrams,  for  alternator,  137          | 

single-phaae,  380 

armature  reaction,  134,135, 

three-phase  Bymmetrical,  382 

136 

Bingle-phaae  calculations,  387 

lagging  current,  139 

vector  diagram  tor,  388 

leading  current,  140 

single-phaae  railway,  378 

low  power-factor  load,  159 

strucTiureH  for,  403 

magnetomotive  forces,   144 

sub-stations  for,  406 

parallel  operation,  167,  168 

arrangement  of,  410 

short-circuit,  148 

automatic,  411 

motor-generator,  407 

168 

out-door,  411 

unity  power^factor,  137 

Bwitehes,  408 

delta  connection,  84 

syncbronouB  converter,  407 

induction,  generator,  266,  268            i 

L               transformer,  406 

motor,  266 

■               three-phase  calculations,  388 

magnetomotive  forc(!  mettod, 

165,  1S7 

conducl/irs,  387 

parallel  circuits,  40,  48 

voltages  used  for,  378 

resonance,  42 

witb  large  capacitance,  3S1 

scries,  circuits,  36,  46 

Triangle  of  vectors,  12 

resonance,  39 

motor,  284 

[unctions,  452 

tables,  458 

388 

sines  and  cosines,  458 

synchronous,    impedance 

tangentaand  cotangent*,  460 

method,  146 

True  watts,  24 

motor,  307 

"Tub"  transformer,  217 

effect  of  line  impedance 

Tuma  phase-meter,  69 

on  terminal  voltage  at, 

Tungar  rectifier,  338 

327 

Tungsten  lamps,  421 

induced  voltage  greater 

Two-phase  syateme,  93 

than  terminal  voltage. 

311 

Two-range  winding,  104 

induced  voltage  less  than 

Two-wattmeter  method  of  measur- 

terminal  voltage,   313 

ing  power,  89 

three-phase  system,  79 

U 

current,  223 

Unity  power-factor  motor,   Wagner 

short-circuited,  192 

Type  BK,  304 

simplified,  183 

626 
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Vector     diagrams,     two-wattmeter 
method   of    power  measure- 
ment, 90 
Y-comiected  system,  81,  82 
Vectors,  addition  of,  12 

of  sine  waves  by,  19 
definition  of,  12 
polygon  of,  43,  48 
representation    of     alternating 

values  by,  17 
subtraction  of,  12 
Vibrating  rectifier,  334 
Volt,  definition    of  alternating- 
current  value,  14 
Volt-amperes  of  alternating-current 

circuits,  24 
Voltage,     control    of    synchronous 
converter,  358 
polygon  of,  43 

ratios    in    a   synchronous    con- 
verter, 345,  346 
regulation     with     synchronous 

motor,  326 
regulator,  161 
Voltmeter,  electro-d ynamometer 
type,  53 
inclined-coil  type,  54 
iron-vane  type,  61 


W 


Wagner,     Type     BA     Single-phase 
Induction  Motor,  300 
Type   BK   Unity   Power-factor 
Motor,  304 
Watthour  meter,  63 

adjustment   and   calibration, 
.67 
Wattless  component  of  current,  49 
Wattmeter,  55 


Wattmeter,  calibration,  61 
connections  of,  57 
polyphase,  59 
Whole-coil  winding,  101 
Winding  of  alternators,  100 
amortisseur,  118 
barrel,  101,  104 
chain,  101 

fractional-pitch,  109 
general  principles,  100 
phasing  of,  125 
single-phase,  101 
half-coil,  101 
single-range,  104     ' 
whole-coil,  101 
spiral,  101,  103 
three-phase,  106 
two-phase,  104 
lap,  106 
two-range,  104 
Wire,  table  for  resistance  of,  464 
Wound-rotor  induction  motor  (see 
Induction  motor),  253 


Y-box  for  use  in  power   measure- 
ments, 88 
Y-connection  of  three-phase  systems, 
80 
line  currents,  voltages,  81 
phase  currents,  voltages,  81 
power,  82 
power-factor,  83 
Y-connection  of  transformers,  211 


Zig-zag     Y-connections     of 
formers,  376 


trans- 
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